
THE EST1 MATION OF DAILY ESCAPEMENT AND TOTAL ABUNDANCE 

FROM CATCH PER UNIT EFFORT OF THE SOCKEYE SALMON 

FISHERY I N  TOG IAK BAY, ALASKA 

Linda Karen Brannian 

STATE OF ALASKA 

Jay S. Hammond, Governor 

DEPARTMENT OF FISH AND GAME 

Ronald 0. Skoog, Commissioner 

P. 0. Box 3-2000, Juneau 99802 

November 1982 



THE ESTIMATION OF DAILY ESCAPEMENT AND TOTAL ABUNDANCE 

FROM CATCH PER UNIT EFFORT OF THE SOCKEYE SALMON 

FISHERY I N  TOGIAK BAY, ALASKA 

L inda Karen Brannian* 

* T h i s  work was done i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  degree o f  Master o f  
Science a t  t h e  U n i v e r s i t y  o f  Washington, S e a t t l e .  



T A B L E  OF CONTENTS 

Page 

LIST O F  TABLES . . . . . . . . . . . . . . . . . . . . . . . . . .  i 

LISTOFFIGURES . . . . . . . . . . . . . . . . . . . . . . . . . .  i v 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  vi i 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

. . . . . . . . . . . . . . . . . . . . . . . . . .  Background 1 

Objectives . . . . . . . . . . . . . . . . . . . . . . . . . .  9 

PROPOSED MODEL TO ESTIMATE DAILY ABUNDANCE . . . . . . . . . . . .  12 

Theoretical Model . . . . . . . . . . . . . . . . . . . . . .  12 

Lag Time Analysis . . . . . . . . . . . . . . . . . . . . . .  16 

. . . . . . . . . . . . . . . . . .  Choice of a Unit of Effort  

Investigation of Variance Components of Catchabil i ty . . . . .  
Interpolat ion Function f o r  Estimating Escapement During Closed 

Periods . . . . . . . . . . . . . . . . . . . . . . . . . .  
Variance and 95 Percent Confidence Limits f o r  Daily Abundance 

and Escapement Estimates . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . .  TOTAL R U N  ESTIMATION 

. . . . . . . . . . . . . . . . . . . . . . . . . .  Background 

Application of Migratory Time-Density Functions i n  Salmon 
Management . . . . . . . . . . . . . . . . . . . . . . . .  

Development of a Migratory Time-Densi t y  Function fo r  Togiak Bay 
. . . . . . . . . . . . . . . . . . . . . .  SockeyeSalmon 

Variance f o r  the Total Run Estimate . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . .  THETOGIAKFISHERYMODEL 

IN-SEASON USE OF THE TOGIAK FISHERY MODEL . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . .  Escapement Estimation 

. . . . . . . . . . . . . . . . . . . . .  Total Run  Estimation 

Tagging f o r  Riverine Travel Time . . . . . . . . . . . . . . .  



TABLE OF CONTENTS (Continued) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  DISCUSSION 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  Methods 

Results of Model Usage in 1981 . . . . . . . . . . . . . . . .  
Additional Application of Togiak Modeling Techniques . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  SUMMARY 

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . .  LITERATURECITED 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  APPENDIX A 

APPENDIX B . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
APPENDIX C . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Page 

100 

100 

102 

104 

106 

107 

108 

112 

117 

120 



LIST O F  TABLES 

Table Page 

1. A chronological presentation of forecasting and harvest man- 
agement data available for  the management of Bristol  Bay 

. . . . . . . . . . . . . . . . . . . . . . . .  sockeye salmon 2 

2. Effort  s t a t i s t i c s  from the Togiak Bay sockeye salmon 
f ishery . . . . . . . . . . . . . . . . . . . . . . . . . . .  6  

3. Gear and vessel reg i s t ra t ion  fo r  Togiak D i s t r i c t ,  not 
including d i s t r i c t  t r ans fe rs .  Vessel reg i s t ra t ion  does not 
necessari ly equal gear reg i s t ra t ion  . . . . . . . . . . . . .  7  

4. S t a t i s t i c s  f o r  the c a t c h a b i l i t y c o e f f i c i e n t  (q)  developed 
under various lag times . . . . . . . . . . . . . . . . . . .  19 

5. Lag time in days between f ishery and counting tower obtained 
under various c r i t e r i a ,  1967-1980 . . . . . . . . . . . . . .  25 

6. Timing and duration of the Togiak River sockeye salmon r u n  
f o r  1967-1980 . . . . . . . . . . . . . . . . . . . . . . . .  26 

7. Catchabil i ty s t a t i s t i c s  fo r  various uni ts  of e f f o r t  . . . . .  29 

8. Mean proportion of t o t a l  da i ly  e f f o r t  f o r  s e t  and d r i f t  nets  
. . . . . . . . . . . . . . . . . . . .  by landing and by boat 31 

9. Variables defined fo r  use i n  describing ca tchab i l i ty  as  a  
. . . . . . . . . . . . . . . . . . . . . . . . .  f u n c t i o n . .  34 

10. Daily average number of landings per ADF&G l icense holder 
(LIB) f ishing in Togiak Bay . . . . . . . . . . . . . . . . .  37 

11. Correlation coeff ic ients  ( r )  fo r  three regressions of catch- 
a b i l i t y  ( q ) ,  each w i t h  a  d i f fe ren t  f i s h  s ize  var iable .  
Differing s i ze  data s e t s  f o r  f i s h  s i ze  variables are  re f lec ted  
in the d i f fe r ing  r values of var iables  between regressions . . 41 

12. Results of l inear  regressions f o r  catchabi l i ty  where e f f o r t  
in landings per day was used . . . . . . . . . . . . . . . . .  42 

13. Results of l inear  regression fo r  ca tchab i l i ty  where e f f o r t  i n  
boats per day was used . . . . . . . . . . . . . . . . . . . .  44 

14. S t a t i s t i c s  from the regression of ca tchab i l i ty  on dai ly  land- 
ings as  e f f o r t  using three d i f f e r en t  models . . . . . . . . .  46 

15. S t a t i s t i c s  from the regression of ca tchab i l i ty  on dai ly  boats 
as e f f o r t  using three d i f f e r en t  models . . . . . . . . . . . .  47 



Table 

TABLE O F  CONTENTS (Continued) 

Page 

Length s t a t i s t i c s  from the  Togiak River sockeye salmon r u n .  
. . . . .  Fish have been measured from mid-eye t o  fork  of t a i l  53 

Relat ionships developed t o  es t imate  escapement during closed 
periods . . . . . . . . . . . . . . . . . . . . . . . . . . .  56 

Cumulative proportion by day of run f o r  Togiak Bay sockeye 
salmon 1967 t o  1980. The r e s u l t i n g  mean i s  the  migratory time- 
dens i ty  schedule f o r  use i n  t o t a l  run es t imat ion  . . . . . . .  71 

S t a t i s t i c s  of the  r e l a t i v e  proportion curves of da i ly  abun- 
dance f o r  the  Togiak Bay sockeye salmon r u n ,  1967 t o  1980 . . 73 

Comparison of the choice of day one of the  Togiak Bay sockeye 
salmon r u n  using in-season c r i t e r i a  versus t h a t  r e s u l t i n g  from 
post-season ana lys i s  . . . . . . . . . . . . . . . . . . . . .  77 

Adjusted migratory time-densi t y  funct ion f o r  Togiak Bay sockeye 
salmon based on data of 1967 t o  1980 . . . . . . . . . . . . .  80 

S t a t i s t i c s  of the  l i n e a r  model f o r  d a i l y  c a t c h a b i l i t y  (q )  a s  
a  funct ion of e f f o r t  ( f )  f o r  t h e  Togiak Bay sockeye salmon 
f i s h e r y  . . . . . . . . . . . . . . . . . . . . . . . . . . .  82 

S t a t i s t i c s  of t h e  power curve model f o r  d a i l y  ca tchabi l  i t y  ( q )  
a s  a  funct ion of e f f o r t  ( f )  f o r  t h e  Togiak Bay sockeye salmon 
f i s h e r y  . . . . . . . . . . . . . . . . . . . . . . . . . . .  83 

S t a t i s t i c s  of the negative exponential model f o r  d a i l y  catch-  
a b i l i t y  ( q )  a s  a  funct ion of e f f o r t  ( f )  f o r  the  Togiak Bay 
sockeye salmon f i s h e r y  . . . . . . . . . . . . . . . . . . . .  84 

Catch and e f f o r t  s t a t i s t i c s  f o r  t h e  1981 Togiak River sockeye 
salmon r u n .  . . . . . . . . . . . . . . . . . . . . . . . . .  86 

Comparison of d a i l y  escapement of the  Togiak River sockeye 
salmon r u n  from tower counts and es t imates  using CPUE of the  
commercial f i s h e r y  w i t h  t h ree  d i f f e r e n t  r e l a t i o n s h i p s  . . . .  87 

Comparison of cumulative escapements of the  Togiak River 
sockeye salmon run from tower counts and es t imates  using C P U E  
of the  commercial f i s h e r y  with three  d i f f e r e n t  r e l a t i o n -  
sh ips  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  88 

Abundance es t imates  based on ca tch  and e f f o r t  data from t h e  
Togiak power curve f i s h e r y  model i n  1981 . . . . . . . . . . .  90 

Confidence i n t e r v a l s  f o r  da i ly  abundance and escapement e s t i -  
mates f o r  t h e  Togiak power curve f i s h e r y  model in 1981 . . . .  92 



TABLE OF CONTENTS (Continued) 

Table Page 

30. Total run es t imates  f o r  the  Togiak River sockeye salmon r u n  
. . . . . . . . . . . . . . . . . . . . . . . . . . .  o f 1 9 8 1  95 

31. Summary of tagged sockeye salmon recaptured by the  1981 com- 
. . . . . . . . . . . . . . .  mercial f i s h e r y  i n T o g i a k B a y .  98 

32. Summary of t h e  1981 tagging study of sockeye salmon in  Togiak 
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  River 99 



LIST OF FIGURES 

F igure  Page 

1. F i s h i n g  d i s t r i c t s  and sampl ing programs i n  B r i s t o l  Bay, 
Alaska . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3  

. . . . .  2 .  Togiak R i v e r  s e c t i o n  i n  r e l a t i o n  t o  Togiak D i s t r i c t  5 

3 .  T o t a l  r u n  s i z e  f o r  Togiak R i v e r  sockeye salmon, 1966-1980 . . 8 

4. Spawning d i s t r i b u t i o n  o f  sockeye salmon i n  t h e  Togiak Lakes 
s y s t e m .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 

5. Spawning d i s t r i b u t i o n  o f  sockeye salmon i n  t h e  Togiak R i ve r  
and t r i b u t a r i e s  . . . . . . . . . . . . . . . . . . . . . . .  11 

6. Cumulat ive p r o p o r t i o n  curves f o r  c a t c h  and escapement o f  t h e  
Togiak Bay sockeye salmon f i s h e r y ,  1973 and 1974 . . . . . . .  22 

7. Cumulat ive p r o p o r t i o n  curves f o r  c a t c h  and escapement o f  t h e  
Togiak Bay sockeye salmon f i s h e r y ,  1975 and 1980 . . . . . . .  2 3  

8. Cumulat ive p r o p o r t i o n  curves f o r  c a t c h  and escapement o f  t he  
Togiak Bay sockeye salmon f i s h e r y ,  1976 and 1979 . . . . . . .  25  

9. The c a t c h a b i l i t y  c o e f f i c i e n t s  c a l c u l a t e d  f rom h i s t o r i c a l  da ta  
o f  t he  Togiak Bay sockeye salmon f i s h e r y ,  1976-1980, and t h e i r  
subsequent r e l a t i o n s h i p  t o  t h e  f o l l o w i n g  v a r i a b l e s :  e f f o r t  i n  
land ings ,  day o f  run,  l and ings  pe r  boa t ,  and t i d e  i ndex  . . .  39 

10. The c a t c h a b i l i t y  c o e f f i c i e n t s  c a l c u l a t e d  f rom h i s t o r i c a l  da ta  
o f  t h e  Togiak Bay sockeye salmon f i s h e r y ,  1976-1980, and t h e i r  
subsequent r e l a t i o n s h i p  t o  t he  t h r e e  v a r i a b l e s  r e p r e s e n t i n g  
f i s h  s i ze :  average sockeye we igh t  f rom f i s h  t i c k e t s ,  average 
sockeye weights  f rom AWL c a t c h  samples, and average sockeye 
l e n g t h  f rom AWL c a t c h  samples . . . . . . . . . . . . . . . .  40 

11. Residuals  from t h e  l i n e a r  r eg ress ion  o f  c a t c h a b i l i t y  on e f f o r t  
by week f o r  t he  Togiak Bay sockeye salmon f i s h e r y ,  1976- 
1980 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  45 

12. The l i n e a r  r eg ress ion  of c a t c h a b i l i t y  on e f f o r t  by week f o r  
t h e  Togiak Bay sockeye salmon f i s h e r y ,  1976-1980 . . . . . . .  48 

13. The reg ress ion  o f  c a t c h a b i l i t y  on e f f o r t  by week u s i n g  t he  
power curve model f o r  the  Togiak Bay sockeye salmon f i s h e r y ,  
1976-1980 . . . . . . . . . . . . . . . . . . . . . . . . . .  49 

14. Regression o f  c a t c h a b i l i t y  on e f f o r t  by week us ing  a nega t i ve  
exponent ia l  model f o r  t he  Togiak Bay sockeye salmon f i s h e r y ,  

. . . . . . . . . . . . . . . . . . . . . . . . . .  1976-1980 50 



LIST OF FIGURES (Continued) 

Figure Page 

15. S e l e c t i v i t y  curve f o r  Togiak Bay sockeye salmon, 1976-1980 . . 52 

16. Exploi tat ion by length curves f o r  Togiak Bay sockeye salmon, 
. . . . . . . . . . . . . . . . . . . . . . . . . .  1976-1980 54 

17. Relationship between Togiak River sockeye salmon escapement on 
the  l a s t  day of t h e  weekly f i s h i n g  per iod ,  normally a Friday, 
and t h a t  of the  f i r s t  day of a c losu re ,  normally a Saturday . 57 

18. Re1 a t i  onshi p between Togia k River sockeye salmon escapement on 
the f i r s t  day of the  weekly f i s h i n g  per iod ,  normally a Monday, 

. . .  and t h a t  of t h e  l a s t  day of a c losu re ,  normally a Sunday 58 

19. Relationship between Togiak River sockeye salmon escapement 
on the  t h i r d  day of a three-day c losure  and t h a t  of the  second 

. . . . . . . . . . . . . . . . . . .  day of t h e  same c losure  59 

20. Comparison of the  normal pa t t e rn  of a r r i v a l  ( l i n e )  and the  
e n t r y  pa t t e rn  (dashed) recrea ted  by adding ca tch  p lus  escape- 
ment of a sockeye salmon population with four  theorized pa t t e rns  
of departure and a five-day f i s h i n g  period . . . . . . . . . .  .65 

Cumulative and da i ly  proportion curves f o r  the  Togiak Bay 
sockeye salmon run of 1978 . . . . . . . . . . . . . . . . . .  66 

Cumulative and d a i l y  proportion curves f o r  the  Togiak Bay 
sockeye salmon run of 1979 . . . . . . . . . . . . . . . . . .  67 

Cumulative and da i ly  proportion curves f o r  the Togiak Bay 
sockeye salmon r u n  o f 1 9 8 0 .  . . . . . . . . . . . . . . . . .  68 

Cumulative and da i ly  proport ion curves f o r  the  Togiak Bay 
sockeye salmon run of 1972 . . . . . . . . . . . . . . . . . .  69 

Cumulative and dai ly  proport ion curves f o r  the  h i s t o r i c a l  mean 
. . . . . . . .  en t ry  pa t t e rn  of Togiak Bay sockeye salmon run 72 

Comparison of th ree  l e v e l s  of the  cumulative proportion curves 
. . . . . . .  f o r  the  Togiak Bay sockeye salmon r u n ,  1967-1980 74 

Cumulative proportion curves of the  h i s t o r i c a l  mean and the  
. . . . .  years  1967-1980 of the  Togiak Bay sockeye salmon r u n  76 

. . .  Information flow f o r  the  Togiak Bay sockeye salmon model 81 

Comparison of cumulative and d a i l y  escapement of Togiak River 
sockeye salmon from tower counts and es t imates  using C P U E  of 

. . . . . . . . . . . . . . . . . . . .  t h e  commercial f i she ry  91 



LIST OF FIGURES (Continued) 

Fi gure Page 

30. Cumulative proportion curves f o r  catch and escapement of the  
TogiakBay sockeye salmon f i s h e r y  i n  1981 . . . . . . . . . . 93 

31. Comparison by weekof  c a t c h a b i l i t y  est imated a s  a funct ion of 
e f f o r t  f o r  the  Togiak 6ay sockeye salmon f i s h e r y  (power curve)  
and t h a t  observed in r e l a t i o n  t o  d a i l y  abundance present  in 
1981 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 

32. Cumulative and d a i l y  proportion curves f o r  the  Togiak Bay 
sockeye salmon r u n  of 1981 . . . . . . . . . . . . . . . . . 97 



ABSTRACT 

Catch per uni t  of e f f o r t  (CPUE)  from the  commercial sockeye salmon (oncor- 
hynchus nerka) f i shery  in Togiak Bay, Alaska had not previously been re la ted 
to  standing stock in a rigorous manner. I t  was proposed f o r  the  Togiak 
system t h a t  the regular i ty  of f ishing periods, the s t a b i l i t y  of e f f o r t ,  and 
the large percentage of the escapement counted on a dai ly  basis  should accom- 
modate the  use of CPUE i n  estimating dai ly  abundance and to ta l  returning 
stock while the  f ishery i s  in progress. 

A model was developed to  estimate dai ly  escapement a s  the difference between 
dai ly  abundance and catch. Daily abundance was estimated a s  a function of 
dai ly  CPUE and a ca tchab i l i ty  coef f ic ien t .  The ca tchab i l i ty  coef f ic ien t  was 
found to  vary w i t h  the  level of e f f o r t  and a relat ionship was developed from 
h is to r ica l  data t o  estimate i t  in-season from the  dai ly  level of e f f o r t .  

Total returning stock s i ze  was a lso  estimated in the Togiak f ishery model a s  
the  r a t i o  of cumulative return t o  date over the expected proportion returned 
t o  date.  The expected proportion was provided by a migratory time-density 
function derived as  a h i s t o r i c  average entry pattern f o r  Togiak sockeye salmon. 



INTRODUCTION 

Background 

The pr imary goal o f  the  harvest  management o f  sockeye salmon (Oncorhynchus 
nerka Walbaum) i s  t o  ensure a  predetermined spawning escapement which inc ludes 
a l l  temporal and r a c i a l  components o f  the  run, y e t  e f f i c i e n t l y  u t i l i z e s  the  
resource i n  terms o f  food product ion  and revenue. I n  a  l a r g e  salmon-producing 
system such as B r i s t o l  Bay, Alaska, f i s h e r i e s  b i o l o g i s t s  have monitored sock- 
eye salmon abundance a t  var ious l i f e  h i s t o r y  stages f o r  popu la t ion  est imates 
app l i cab le  t o  harvest  c o n t r o l  o f  commercial f i s h e r i e s  (Table 1, F igure 1) .  
I n i t i a l l y  the  fo recas t ing  process uses counts o f  escapement f rom towers o r  
est imates o f  spawning stock from a e r i a l  surveys t o  generate h i s t o r i c a l  r e t u r n  
per  spawner data. The fo recas t i ng  process cont inues w i t h  observat ions on sub- 
sequent l i f e  h i s t o r y  stages. I n  the  f i n a l  stage, t o  v e r i f y  the  fo recas ts ,  
t e s t  f i s h i n g  programs have been developed from which ca tch  per  u n i t  e f f o r t  
(CPUE) i s  r e l a t e d  t o  t o t a l  abundance o f  adu l ts .  Test f i s h e r i e s  have been s e t  
up ou ts ide  the  f i s h i n g  d i s t r i c t s ,  as o f f  Po r t  M o l l e r  near B r i s t o l  Bay, Alaska, 
t o  est imate incoming run  s t reng th  and prov ide  a  d a i l y  passage r a t e .  To e s t i -  
mate the  ex ten t  o f  f u l f i l l m e n t  o f  escapement goals, p r i o r  t o  v e r i f i c a t i o n  a t  
the towers, t e s t  f i s h e r i e s  have been es tab l ished i n s i d e  the  r i v e r s  above the 
upper boundary l i n e  of t he  major f i s h i n g  d i s t r i c t s  (F igure 1 ) .  These catches 
( o r  CPUE) prov ide t i m e l y  est imates o f  the  spawning stock which have passed 
through the  f i s h i n g  d i s t r i c t  and which w i l l  be counted from towers placed a t  
the  head o f  t r u n k  streams. Much work has been done t o  q u a n t i f y  t he  CPUE o f  
the  t e s t  f i s h e r i e s  by s tandard iz ing  the  u n i t  o f  e f f o r t  and by compensating f o r  
the s i z e  s e l e c t i v i t y  o f  the g i l l  net .  

I n  c o n t r a s t  t o  t he  recent  advances i n  t he  i n t e r p r e t a t i o n  o f  t e s t  f i s h i n g  data, 
commercial f i s h i n g  CPUE data have n o t  been we l l  u t i l i z e d  i n  determining a d u l t  
abundance. Of ten the  shor t ,  i r r e g u l a r ,  and in tense commercial f i s h i n g  per iods 
have r e s u l t e d  i n  commercial CPUE n o t  being r i g o r o u s l y  r e l a t e d  t o  the  standing 
stock. However, the  f i she ry  i t s e l f  can prov ide  valuable in fo rmat ion  on d a i l y  
abundance and the  e n t r y  p a t t e r n  o f  salmon runs. I n  add i t i on ,  i n  smal ler  sys- 
tems where budget r e s t r a i n t s  o r  f i s h i n g  revenue negates the use o f  t e s t  f i s h i n g  
programs, CPUE f rom the f i she ry  may be t h e  on l y  i n d i c a t i o n  o f  incoming r u n  
st rength.  Again, count ing towers a re  o f t e n  f a r  removed i n  space and t ime from 
the commercial f i s h i n g  d i s t r i c t  (F igure  1) .  I f  a  subs tan t i a l  gap i n  t ime e x i s t s  
between the  e x i t  o f  sockeye salmon from the commercial f i s h e r y  and the subse- 
quent appearance o f  the  same f i s h  a t  the  towers, CPUE o f  the  f i s h e r y  may pro-  
v ide  the  necessary and t i m e l y  i n fo rma t ion  on the  s ta tus  o f  f u l f i l l m e n t  o f  t h e  
escapement goal.  Thus, a  q u a n t i t a t i v e  approach i s  needed t o  r e l a t e  commercial 
CPUE t o  d a i l y  abundance and t o t a l  run  s i z e  and f u r t h e r  t o  explore the  use of 
such r e l a t i o n s  i n  f o recas t i ng  du r ing  the  f i s h i n g  season. 

Given a  f i s h e r y  w i t h  extended f i s h i n g  periods, a  standardized u n i t  o f  e f f o r t  
and d a i l y  escapement enumeration, the  r e s u l t i n g  CPUE would r e f l e c t  both d a i l y  
abundance and the  t ime d i s t r i b u t i o n  o f  abundance. Extended f i s h i n g  per iods 
minimize the  need t o  i n t e r p o l a t e  f o r  data du r ing  per iods c losed t o  f i s h i n g .  
D a i l y  escapement i s  the  d i f f e r e n c e  between d a i l y  abundance and catch. Given 
t h a t  the  e n t r y  p a t t e r n  o r  t ime d i s t r i b u t i o n  o f  abundance i s  a  s tab le  character-  
i s t i c  maintained through generations, t h i s  migra tory  behavior can be modeled i n  



Table 1. A chronologica l  p r e s e n t a t i o n  of f o r e c a s t i n g  and h a r v e s t  management d a t a  a v a i l a b l e  f o r  t h e  
management of B r i s t o l  Bay sockeye salmon. 

L i f e  s t a g e  
of t h e  sockeye 

salmon Monitoring device  Es t imator  
P o s s i b l e  

a p p l i c a t i o n  

Escapement Tower counts  
Weir counts  
A e r i a l  surveys 

D i r ec t  count In-season management 
and subsequent f o r e c a s t  

Egg depos i t i on  Egg Pump Average egg dens i ty  Forecas t  

Fry Age 0 Towne t t i n g  
Age I 

Fry index (CPUE) Forecas t  

Smolt Ages I & I1 Sonar counts  Direct count Forecas t  

Immature ocean Japanese h igh  s e a s  f i s h e r y  CPUE: Forecas t  

Mature ocean Japanese h igh  s e a s  f i s h e r y  CPUE Forecas t 

Returning a d u l t s  I n t e r c e p t i v e  domestic f i s h e r y  Q u a l i t a t i v e  i n d i c a t i o n  Q u a l i t a t i v e  v e r i f i c a -  
of run  s t r e n g t h  t i o n  of  f o r e c a s t  

Inshore r e t u r n  Po r t  Moller test  f i s h e r y  CPUEIreturn p e r  index Es t imate  t o t a l  i n sho re  
run  and d a i l y  passage r a t e  

Outside l i n e  test f i s h e r y  Daily management 
Commercial f i s h e r y  CPUE Develop f o r  d a i l y  

management and estima- 
t i o n  of t o t a l  run  s i z e  

Escapement I n s i d e  test f i s h e r y  
Sonar counts  

CPUE 
Di rec t  count 

Dai ly  management 



Figure 1. Fishing d i s t r i c t s  and sampling programs in  Br i s to l  Bay, Alaska. 



terms o f  p r o p o r t i o n  of t o t a l  abundance as a  f u n c t i o n  o f  t ime. Elsewhere t h e  
r e s u l t i n g  model has been termed a  "m ig ra to r y  t ime-densi  ty f u n c t i o n "  (Mundy 
1979) and f rom which in-season es t imates  o f  t o t a l  r u n  s i z e  can be ob ta ined  
(Mundy and Mathisen 1981 ) .  Thus, a  s tudy  r e s u l t i n g  i n  a  model i n c o r p o r a t i n g  
d a i l y  CPUE f rom t h e  commercial f i s h e r y  and m i g r a t o r y  t ime-densi  ty  t heo ry  
would p rov ide  managers w i t h  a  d a i l y  escapement schedule, r u n  t im ing ,  and an 
in-season es t ima te  of t o t a l  r u n  s i ze ,  a l l  o f  which a re  v i t a l  t o  accura te  har -  
v e s t  c o n t r o l .  

The sockeye salmon f i s h e r y  i n  Togiak Bay, ad jacen t  t o  B r i s t o l  Bay, lends  i t s e l f  
t o  such a  study. F i s h i n g  i s  a l lowed i n  Togiak Bay i n s i d e  a  l i n e  f rom Rocky P t .  
t o  Aeolus M t .  wh ich  comprises t h e  Alaska Department o f  F i s h  and Game (ADF&G) 
s t a t i s t i c a l  ca t ch  area, t he  Togiak R i v e r  Sec t i on  (F igu re  2 ) .  T h i s  i s  n o t  t o  
be confused w i t h  t he  Togiak D i s t r i c t  which i nc l udes  t he  a d d i t i o n a l  t e rm ina l  
area f i s h e r i e s  o f  t he  Kulukak, Osviak, and Matogak sec t ions .  I n  Togiak Bay, 
f i s h i n g  pe r i ods  a r e  s e t  i n  advance and ad jus ted  i n  accordance w i t h  in-season 
est imates o f  r u n  s t r e n g t h  and escapement l e v e l s .  The normal p e r i o d  l a s t s  f rom 
9 a.m. Monday through 9  a.m. F r iday .  The f ishermen a r e  predominant ly  l o c a l  
r e s i d e n t s  and e f f o r t  has increased o n l y  s l i g h t l y  s i nce  1967 (Table 2).  Regis- 
t r a t i o n  i n f o r m a t i o n  i s  as  y e t  u n a v a i l a b l e  f o r  1979 and 1980, though f i s h  t i c k e t  
data show t h e  maximum number of ADF&G s e t  n e t  l i c e n s e  ho lde rs  s e l l i n g  p r i o r  t o  
15 J u l y ,  t o  be 41, w h i l e  d r i f t  n e t  l i censees  number 121 (Table 2 ) .  Based on 
t h e  p a s t  r e l a t i o n s h i p  o f  r e g i s t r a t i o n  t o  maximum observed e f f o r t ,  an inc rease  
i n  r e g i s t r a t i o n  t o  139 d r i f t  pe rm i t s  and 67 s e t  n e t  pe rm i t s  i s  i n d i c a t e d  a t  t h e  
end o f  t h e  1978 season. Most (91%) o f  t h e  f l e e t  th rough  1978 was composed o f  
s k i f f s  hav ing  kee l s  of 25 ft (7.6 m) o r  l e s s  (Table 3 ) .  Observat ions of t h e  
f i s h e r y  i n  1980 revea led  no s h i f t  t o  l a r g e r  boats. Thus, i n  comparison t o  t h e  
r e s t  o f  B r i s t o l  Bay, Togiak demonstrates a  degree o f  s t a b i l i t y  i n  i t s  f l e e t  w i t h  
a  s l i g h t ,  upward t r e n d  i n  e f f o r t .  

The commercial f i s h e r y  i s  r e l a t i v e l y  new i n  Togiak Bay, hav ing  begun i n  t h e  
e a r l y  1950's.  The annual commercial ha rves t  i n  Togiak Bay has averaged 204,000 
sockeye salmon w i  t h  range 1  im i  t s  o f  50,000 and 500,000 (ADF&G, Annual Management 
Report, B r i s t o l  Bay area 1966-1976; P r e l i m i n a r y  Review o f  t h e  B r i s t o l  Bay F i sh -  
ery ,  1977-1979) and i t  has accounted f o r  an average o f  89% o f  t he  annual Togiak 
D i s t r i c t  sockeye salmon catch.  The y e a r l y  e x p l o i t a t i o n  has averaged 55% rang- 
i n g  from 36 t o  74%. A  minimum mesh s i z e  o f  13.6 cm (5-318 i n )  i s  s e t  f o r  use 
i n  Togiak Bay u n t i l  9  a.m. 20 J u l y  o f  each year .  The minimum s i z e  i s  commonly 
used and i s  r e f e r r e d  t o  as "sockeye gear".  A  l a r g e r  mesh 17.2 t o  20.3 cm (6-314 
t o  8  i n )  i s  commonly used d u r i n g  t h e  m i g r a t i o n  o f  chinook salmon (Oncorhynchus 
tshawytscha) i n  June and i s  r e f e r r e d  t o  as " k i ng  gear" .  

The sockeye salmon r u n  ( c a t c h  + escapement) t o  Togiak Bay has averaged 358,000 
( range 100,800-965,000) f o r  1966 t o  1980 (F igu re  3 ) .  F i s h e r i e s  b i o l o g i s t s  have 
managed t h e  system f o r  an escapement goal  o f  100,000 sockeye salmon s i nce  1974, 
before which t h e  goal  v a r i e d  y e a r l y  f r om 70,000 t o  120,000. Hou r l y  escapement 
t o  t h e  major  r i v e r  system i s  es t imated  f rom systemat ic  10-minute counts made 
f rom a  tower l o c a t e d  on each bank o f  t h e  Togiak R i v e r  j u s t  below t h e  o u t f l o w  
o f  Togiak Lake. Counts a r e  ob ta ined  24 hours a  day d u r i n g  t h e  m ig ra t i on .  
S ince t h e  coun t ing  tower f i r s t  began ope ra t i on  i n  1960 escapement has s i nce  
averaged 138,000 (range 43,000-462,000). The r u n  be ing  f i s h e d  i s  thought  t o  
be composed o f  many races, though an average o f  88% (range 75-95%) o f  t h e  t o t a l  
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Figure 2. Togiak River section i n  r e la t ion  t o  Togiak D i s t r i c t .  



Table  2. E f f o r t  s t a t i s t i c s  from t h e  Togiak Bay sockeye salmon f i s h e r y .  

D r i f t  g i l l n e t  S e t  g i l l n e t  
Max. e f f o r t  Max. e f f o r t  

observed observed 
Year R e g i s t e r e d  t h r u  7/15 A %  R e g i s t e r e d  t h r u  7 /15  A % 

' ~ i s h  t i c k e t  i n f o r m a t i o n  n o t  a v a i l a b l e .  

2 
Est imated from observed maximum e f f o r t  and average  p e r c e n t  change 

of 0.87 (1974-1978). 

3 
Est imated from observed maximum e f f o r t  and average  p e r c e n t  change 

o f  0 .61  (1974-1978). 



Table 3. Gear and vessel registration for Togiak District, not 
including district transfers. Vessel registration does 
not necessarily equal gear registration. 

Vessel registration 

Type of gear and allowable fathoms Keel length (ft) 

Year Drift Fathoms Set Fathoms 25 26-29 30-32 

150 4 

7 5 11 

125 21 

150 25 

150 2 9 

150 35 

Variable 11 

Variable 38 

7 5 21 

150 32 

150 3 6 

150 32 

150 

150 

5 0 

25 

5 0 

5 0 

5 0 

50 

Variable 7 0 8 1 

Variable 95 6 4 

2 5 8 4 6 2 

50 101 5 1 

5 0 110 10 3 

5 0 150 12 3 

5 0 

5 0 

1 
Based on gear license count at start of season. 

2 
Based on gear license count at end of season. 

3~istrict registration based on the 1973 through 1977 average 
percentages. 

4 Recent data not yet available. 
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Figure 3. Total run s i z e  f o r  Togiak River sockeye salmon, 1966-1 980. 



r u n  will pass the counting towers (ADFkG, Annual Management Report, Bristol 
Bay area 1966-1976; Preliminary Review of the  Bristol  Bay Fishery 1977-1979). 
Lake Togiak i s  the major nursery lake,  receiving on average 64% of those f i s h  
counted by the towers spawning along i t s  shores and t r i bu t a r i e s  (Nelson 1965, 
1966). A portion of the  spawners does continue u p  the Zwischen River (11%) 
and up in to  Upper Togiak Lake (17%) (Figure 4 ) .  In addit ion,  f i she r i e s  biolo- 
g i s t s  make aer ia l  surveys to  est imate those which spawn below the towers in 
the  main r i ve r  channel and the major t r i bu t a r i e s  to  Gechiak, Ongivinuk, and 
Pungokepuk Lakes (Figure 5 ) .  The time necessary f o r  sockeye leaving the bay 
t o  pass the counting towers i s  believed by area biologis ts  t o  average 10 days. 
Annual mangement reports  give a range of travel  time from 7 t o  14 days and a 
tagging study of 1966 found an average t ravel  time of 13.3 days (Pennoyer and 
Nelson 1967). Since the limited abundance of the  r u n  has not unt i l  now ju s t i -  
f i ed  the use of an inshore t e s t  f i shery ,  in-season estimates of cumulative 
escapement a r e  comprised of cumulative tower counts and an estimate of escape- 
ment below the towers from aer ia l  surveys. 

Thus, the temporal regular i ty  of f ishing periods, the  apparent r e l a t i ve  s tabi-  
l i t y  of e f f o r t ,  and the  large  percentage of the escapement counted dai ly  should 
accommodate the use of CPUE in estimating dai ly  abundance and t o t a l  stock while 
the  f ishery i s  in progress. 

Objectives 

The objectives of the  study were as  follows: 

1 )  Develop an estimator f o r  dai ly  abundance and escapement from dai ly  
CPUE of the Togiak f ishery.  

2) Develop a migratory time-density function which may more adequately 
describe the entry  pattern than the  l o g i s t i c  model used by Royce 
(1965) and rlundy (1979) a s  a prologue t o  t o t a l  run estimation. 

3) Develop a net  s e l ec t i v i t y  coeff ic ient  as  a function of length f o r  
use i n  describing catchabi l i ty  a s  a variable.  

4) Incorporate the above findings in to  a management model f o r  Togiak 
River sockeye salmon which provides a schedule of daily escapement 
and a t o t a l  r u n  s i z e  estimate during the season. 

Ful f i  1 lment of the  objectives wil l  provide a model par t i cu la r ly  appl icable  t o  
the Togiak Bay sockeye salmon f i shery ,  y e t  methodology will be useful f o r  o ther  
species and systems. Cr i t e r ia  will be developed t o  evaluate the CPUE of var i -  
ous segments of the  f ishing f l e e t  with regard t o  the  usefulness i n  the model. 
Standards will be provided f o r  def ini t ion o r  i so la t ion  of a uni t  of e f f o r t  
adequate f o r  quantifying CPUE.  

I t  should be s t ressed t ha t  an objective of t h i s  research involved the develop- 
ment of a predictive model f o r  Togiak Bay sockeye salmon. This i s  in contras t  
t o  a re la t ional  model incorporating the known, t rue  functional re la t ionships  
between necessary components. Rather, an empirical predictive modeling 
approach was taken which incorporated the main features  of the behavior of 



F igu re  4. Spawning d i s t r i b u t i o n  o f  sockeye salmon i n  t he  Togiak Lakes 
system ( f rom Nel son 1966). 



Figure 5. Spawning distribution of sockeye salmon in the Togiak River and 
tributaries (from Ne1 son 1966). 



the fishery, b u t  which may, in some senses, n o t  presently be verifiable.  
Assumptions are necessarily made to  accommodate available knowledge and data. 
The u t i l i t y  of the model will depend heavily on the appropriateness of the 
assumptions and will be judged by i t s  value to  the regulatory authori t ies .  
In addition, the type of divergence from th i s  goal may identify weaknesses in 
understanding which require refinement through fur ther  research of component 
relationships,  the development of a more complex function, or the inclusion 
of additional components. The advantage of an empirical or predictive model 
i s  that  i t  can be developed prior t o  complete knowledge of functional relation- 
ships and can be ta i lored to  accept readily available data. The predictive 
model i s  a predecessor of and not a replacement for  the relational model. 

PROPOSED MODEL TO ESTIMATE DAILY ABUNDANCE 

Theoretical Model 

The Togiak Bay sockeye salmon fishery i s  conducted within a terminal area 
(Figure 2 )  in which the salmon are ending the i r  marine migration to  enter 
freshwater. The f i s h  a re  believed to approach the area from the southeast. 
Before the present d i s t r i c t  boundaries were in e f fec t ,  headland f i sher ies  off 
Ungalikthluk and Nunavarchak Bays intercepted Togiak River sockeye salmon b u t  
have subsequently been closed to  fishing (Figure 2 ) .  Today the headland f i sh-  
e r ies  off Rocky P t .  and the next point north are thought to  f i r s t  intercept the 
incoming run. Togiak Bay i s  quite shallow, with the inner bay a t  less  than 6 m 
(19.7 f t )  deep a t  mean lower low water. A shelf separates the inner bay and 
the outer bay, which drops to  30 m (98 f t ) .  In general the fishermen also 
believe tha t  the sockeye salmon enter the area from the southeast and cross the 
bay to  the northwest shore following i t  in towards the mouth of the Togiak 
River. The shelf edge follows the coast1 ine in th i s  manner cutting over to  the 
northwest shore and the sockeye salmon may be following i t  to  tha t  position 
rather than the southeast coastline. As found elsewhere in sockeye salmon f i sh-  
e r ies  with d r i f t  g i l l  nets,  the catches vary with t idal  stage, as does f i sh  
movement. The optimal harvest period i s  the s t a r t  of the flood, though a l l  
t idal  stages a re  fished. Delivery time i s  limited t o  a period bracketing high 
t ide because most processors are land-based. In contrast ,  the s e t  g i l l  nets 
located a t  Anchor P t . ,  near Togiak Village and southeast from the Togiak cannery, 
make substantial catches on the ebb, indicating that  f i sh  move out with the t ide  
along the shore. Drift  net boats commonly f i sh  along the shelf and inshore 
along the northwest coast. Although no studies have yet  been conducted to  doc- 
ument f i sh  movement, i t  i s  believed predictable from observations of the area 
management biologists and successful fishermen. 

In general, salmon f isheries  belong to the class  designated as "gauntlet" f ish-  
e r ies  (Paulik and Greenough 1966). In such f i sher ies ,  gear passively l i e s  in 
wait to  intercept f i sh  migrating through the area. A model case occurs in a 
riverine environment where a restr ic ted migratory route places a spatial  d i f fe r -  
ence in gear efficiency, as a different  abundance level i s  available t o  each 
unit of gear along th i s  gauntlet. In contrast a competitive fishery i s  modeled 
where a t  any instant equal density i s  assumed available to  a l l  units of e f for t .  
This si tuation i s  approached by a closed (non-migratory) , uniformly distributed 



marine f i s h  stock. Thus, in a terminal area f i shery ,  aspects of both gauntlet  
and competitive f ishery ex i s t .  The salmon a re  indeed migrating through the 
area and the degree t o  which a spa t ia l  difference in gear eff ic iency develops 
between successive uni ts  of e f f o r t  along t he i r  route suggests a t t r i b u t e s  of 
the gauntlet .  I f  the sockeye salmon enter  i n  an unknown or  di f fuse  manner, 
such t ha t  the area of high abundance i s  large enough t o  accommodate su f f i c i en t  
uni ts  of gear t o  prohibi t  gauntlet  formation, a competitive s i tua t ion  i s  indi- 
cated. Ultimately, the  ava i l ab i l i t y  of data may d i c t a t e  the form of the  model. 
A "gauntlet" s i tua t ion  can be modeled only when amount and location of each 
u n i t ' s  catch i s  known along with the  route taken by the incoming sockeye salmon. 

In Togiak Bay, location of each catch and the precise route of migrating salmon 
i s  unknown hence a competitive f i shery  will  be modeled. The dai ly  recruitment 
i s  a function of the migratory timing, r u n  s t rength ,  and entry  pattern.  In 
theory, removals from the area of the  f ishery a re  the  r e s u l t  of f ishing mor- 
t a l i t y ,  natural morta l i ty ,  and continued migration upriver. Natural mortal i ty 
wil l  be assumed small enough in  re la t ion  to  the others t o  be considered an 
ins ign i f ican t  removal i n  a  given day. His tor ical ly ,  catch has been defined a s  
a quanti ty summed across a unit  of time and i s  represented a s  the integral  of 
the  continuous function: 

Here, catch (c) i s  defined as a proportion ( F )  of the  change i n  abundance 
[ ~ ( t )  a t ]  taken over one time period. I f  dai ly  abundance decreases a t  a  con- 
s t an t  r a t e  through a time period, t h i s  becomes-Baranov's catch equation (Ricker 
1975) : 

- - qfi  Noi (1-expl- (q f i td )  I l 
q f ,  +a 

where: 

'i 
= Sockeye catch over un i t  time period i 

fi 
= Effor t  operating during time period i 

N 
O i  

= I n i t i a l  abundance present a t  t=o of time period i 

q = Catchabil i ty coef f ic ien t  

d = Rate of departure 

Similarly,  dai ly  escapement i s  a l so  a quanti ty integrated across time which can 
be represented as :  



where: 

E = Escapement of sockeye from the f ishing d i s t r i c t  during 
i 

uni t  time period i 

I t  wil l  be assumed tha t  the average s tay of f i s h  in the  Togiak f ishery i s  1 day. 
A large r a t e  of departure ( a )  i s  necessary to  create  a 1-day re tent ion period. 
Note t h a t  the  model i s  asymptotic such t ha t  i t  i s  necessary t o  accept an arbi-  
t r a ry  e r r o r  bound defined here a s  5%. Thus, given an i n i t i a l  abundance ( N o i )  
a t  time zero ( t o ) ,  only 5%wi l l  remain in the  f i shery  a t  the end of 1 day 
( N ~ ~ )  and will be indist inguishable from zero f o r  our purposes. Catch plus 
escapement then becomes: 

as  the large r a t e  of departure dominates the  exponential and drives i t  toward 
zero. Next, remembering tha t :  

i s  exact ,  one can then make a s t r a igh t  l i n e  approximation f o r  ii as :  

thus catch becomes: 

and when redefining ca tchab i l i ty  a s  q r  = q /2  there remains one unknown t o  cal -  
cula te  from h is to r ica l  data as :  

q1  = C . / f i  1 NOi 

and in-season dai ly  abundance becomes: 



resul t ing in an escapement o f :  

In pract ice  the  accuracy of the approximation of (1)  depends on two fac tors .  
I n i t i a l l y ,  the integrated average has been replaced by a s t r a igh t  l i n e  approxi- 
mation as: 

1 N ~ i  
+ N 

/ N (t) d t / n t  -' 
li 

0 2 

The accuracy of t h i s  approximation var ies  inversely with the length of the  
interval  over which the average i s  taken: the smaller the interval  the be t te r  
the approximation. Here a 1-day interval  was the smallest interval  avai lable  
because of the manner of data col lect ion and i s  assumed useful .  

The second fac tor  involves the  va l id i ty  of the assumption of a retention period 
of 1 day. I f  t ha t  assumption i s  v iola ted,  the catch equation becomes: 

where: 

which i s  now s ign i f ican t ly  larger  than zero. In addit ion,  dai ly  i n i t i a l  
abundance ( N ~ . )  i s  the sum of the dai ly  recruitment and those f i s h  l e f t  from 
the previous $ay. This occurrence a f f e c t s  the def ini t ion of catchabil i t y ,  
which becomes: 

q [ l  + exp - - 
2 

and i s  a function of e f f o r t .  This can be detected i f  ca tchab i l i ty ,  a s  derived 
from h is to r ica l  data ,  i s  not constant as previously assumed, but a function of 
e f fo r t .  In addit ion,  i f  the r a t e  of departure i s  a l so  variable i t  wil l  decrease 
the  amount of variance accounted f o r  by e f fo r t .  

There a r e  several addit ional  assumptions involved i n  the above development. 
I n i t i a l l y ,  natural mortal i ty i s  assumed small enough during one interval  of 
time t o  be negligible.  Recruitment i s  assumed t o  be adequately described as  
instantaneous, or  "knife-edge" (Ricker 1975) and incorporated in to  the i n i t i a l  
condition ( i v o i )  f o r  each time period. Lastly,  the  catchabil i t y  coef f ic ien t  i s  
assumed constant as  seen by i t s  lack of a time subscript .  If found otherwise, 
ca tchab i l i ty  must be described adequately a s  a function t o  be useful. The va l i -  
d i t y  or the  closeness t o  fu l f i l lment  of the  above assumptions will be ref lected 
in the  usefulness of the  model when applied to  real  data. 



Lag Time Analysis 

The applied model was developed to  estimate daily abundance and escapement 
during the season and the catchabi 1 i t y  coeff ic ient  was derived from hi s t o r i -  
cal data. Though catch information i s  available da i ly ,  the sockeye salmon 
which escape the f ishery are  only enumerated l a t e r  as  they pass counting 
towers (Figure 1 ) , some 48 mi (77 km) up Togiak River (Poe and Mathi sen 1981 ) . 
I t  i s  convenient t o  define daily abundance ( N ~ )  as :  

where L i s  the  mean t ravel  time i n  days fo r  those f i s h  having escaped Togiak 
Bay on day i i s  t o  pass the counting towers. 

Travel time i s  perceived as  a constant i n  t ha t  a l l  f i s h  which depart Togiak Bay 
i n  a given day will  pass the counting towers together within a given day. Yet 
limited tagging data indicates otherwise, a s  f i s h  tagged in the  mouth of the  
r iver  on a given day have been observed t o  pass the towers a f t e r  7 t o  18 days 
(Pennoyer and Nelson 1967). Sonar work has a l so  indicated t ha t  f i s h  movement 
i s  influenced by the t i d e  a s  f i s h  move inward w i t h  the flood. Yet no t i da l  
pulse i s  observed a t  the  tower, days l a t e r ,  f o r  a smoothing occurs as  slower 
and f a s t e r  members separate. I f  there  e x i s t s  a d i s t r ibu t ion  of travel  times 
fo r  a given school of sockeye salmon, constant lag can be viewed as  the average 
lag f o r  an average school. How well t h i s  mean f u l l y  describes the d i s t r ibu t ion  
depends on t he  dispersal .  A large variance or skewed d i s t r ibu t ion  could mask 
any re la t ionship  between CPUE and dai ly  abundance a s  based on an average lag 
time. Thus the appropriateness of a constant lag in the predictive model wil l  
be ref lected in the strength of the  re la t ionship  between CPUE and dai ly  abun- 
dance. 

Elsewhere i n  Alaska where there e x i s t s  an enumeration of escaping sockeye salmon 
or the estimation of incoming r u n  s trength f a r  removed from the f i shery ,  i t  has 
been necessary t o  develop a lag time between the source of estimation and the  
f ishery.  Given such an estimate of travel  time, t h i s  allows the f i she r i e s  
biologis t  t o  lag escapement estimates back t o  the  time of probable occurrence 
in the f ishing d i s t r i c t .  When added t o  t h a t  day's catch,  i t  provides an e s t i -  
mate of minimum dai ly  abundance. This minimum estimate ignores f i s h  s t i l l  
present i n  the bay the next day o r  the  presence of a d i s t r ibu t ion  of travel  
times . 
The lag time value allows one t o  predic t  the a r r i va l  of the  r u n  previously 
estimated offshore. Several approaches have been taken t o  estimate the lag 
time appropriate f o r  a given year and stock. The most rigorous approach has 
been i n  the  evaluation of abundance estimates from t e s t  f i s h  indices. The out- 
side t e s t  f i she r i e s  off  Port Moller i n  Bristol  Bay (Mundy and Mathisen 1981) 
and Anchor P t .  in Cook I n l e t  (Waltemyer e t  a l .  i n  press)  compare estimates of 
dai ly  abundance (ni) from t e s t  f i s h  CPUE outside the d i s t r i c t  with inshore 
abundance (;ii) represented by catch plus escapement. These a r e  i n i t i a l l y  
assumed t o  be the same population such t ha t  they minimize the difference a s  
m i n .  [c  (ni - ;i ) 2 ]  by varying the lag time (L) . Similarly,  the inside t e s t  i+  f i she r i e s  of B ~ I S E O I  Bay a r e  estimating sockeye salmon escapement in to  major 



r iver  systems where counting towers a re  f a r  enough upstream to  lessen t h e i r  
effectiveness fo r  in-season management. The t e s t  f i she r i e s  a re  considered 
t o  sample with replacement in t ha t  the removal i s  so small in re la t ion t o  the  
t o t a l ,  one can assume the counting towers enumerate the same population. 
Again a lag time i s  necessary t o  evaluate the  escapement estimates from t e s t  
f i sh  indices,  o r  t o  modify return per index (1/q) according t o  the incoming 
tower counts. In one instance (Meacham 1980), a l o g i s t i c  curve was f i t  t o  
estimates of escapement from the  t e s t  f i shery (&) and another t o  the  tower 
counts (2 ) .  The lag time was then varied t o  calcula te  the minimum of 
I (  - 2 with the  choice of lag time being t ha t  which minimized the 
above re la t ionship  b u t  was s t i l l  consis tent  with biological data from tagging 
s tudies  and other research. A t  another s i t e ,  corre la t ion analysis  was conducted 
on the  cumulative t e s t  f i s h  index curve with the  tower counts a given number of 
days l a t e r .  Choice of a lag time (McBride 1980) was t ha t  which produced the 
l a rge s t  coef f ic ien t  of determination ( ~ 2 ) .  One attempt t o  match catch and 
escapement curves was performed by Royce (1965) with Bristol  Bay data. Royce 
f i t  the l o g i s t i c  curve t o  h i s to r ica l  catch and escapement data,  r esu l t ing  i n  
two average curves fo r  each system. The average number of days from estuary 
t o  tower (an average lag time) was then derived as  the difference in time of 
the subsequent peaks of these curves. This approach did not minimize curve 
differences of varying lag times a s  average curves were compared only a t  one 
point. This resul ted in an average lag time of 11 days f o r  Togiak River sockeye 
salmon based on data from 1960 t o  1964. 

These techniques f o r  estimating lag time were presented t o  i l l u s t r a t e  t ha t  most 
previous work has involved the comparison of a t t r i b u t e s  of an unaltered popula- 
t ion a t  two points in space. Whether the a t t r i b u t e  i s  escapement or  dai ly  
abundance, the a c t  of sampling has presumably not a l t e red  the population. In 
terms of gear s e l ec t i v i t y  by g i l l  nets  in re la t ion  t o  f i s h  s i ze ,  the  estimate 
has been adjusted in the t e s t  f i she r i e s  (Yuen 1980). In con t ras t ,  the lag 
time necessary to  reconstruct  the entry pattern of dai ly  abundance [ i n  formula 
( 2 )  above] i s  more involved. Though catch and escapement may follow a s imilar  
trend,  they a r e  not estimating the same population. The mere a c t  of removal 
by the commercial f i shery ,  which i s  a function of a l located f ishing time and 
avai lable  e f f o r t ,  has substant ia l ly  a l t e red  the population which i s  l e f t  a s  
escapement. Thus a minimization process to  compare the  two curves does not 
necessari ly r e s u l t  in the best estimate of lag time. The curves a re  not two 
estimates of the  same quantity b u t  r a ther  a re  complementary with the sum being 
the entry  pattern of i n t e r e s t .  

Plots of catch and escapement curves of data from 1967 t o  1980 indicate t ha t  
lag time has varied subs tan t ia l ly .  Thus, i n  Togiak, i t  was hypothesized t ha t  
lag time dif fered enough between years such t ha t  an average travel  time (Royce 
1965) would not be useful. As the  ca tchab i l i ty  coeff ic ient  was t o  be estimated 
w i t h  the g rea tes t  precision,  lag time was allowed t o  vary yearly.  Catchabil i ty 
i s  assumed t o  be constant in the theoret ical  model, b u t  a s  previously s t a t ed ,  
i t  may vary. One such variance component could be an inadequate choice of lag 
time, f o r  in data which a re  collected in a time s e r i e s ,  a re la t ionship  could 
be developed as :  



Yet t h i s  incorporates the additional condition t h a t  Ei+ ,  i s  proportional t o  
In calcula t ing ca tchab i l i ty  with a range of escapements (. . . ,E,-I,  

EL 1 EL+J 1 ...) any choice other than the t rue  lag time incorporates t h i s  
assumption. On the  other hand, i f  the constant of proportionali ty varies 
dai ly ,  one has added an unnecessary variance component due to  the poor choice 
of lag time. T h u s  a re la t ionship  could be developed and tes ted over a range 
of lag times where i t  i s  maintained t h a t  the best  estimate of lag time of a 
given year i s  t h a t  which minimizes the variance in the ca tchab i l i ty  coef f ic ien t .  
This more closely f u l f i l l s  the assumptions of the  model. Yet catch and escape- 
ment curves hold valuable information t ha t  should not be discarded. As pre- 
viously argued, these curves should not be used in a minimization process, 
a1 though graphical analysis  much 1 ike tha t  of Royce (1965) could be done t o  
match the curves a t  a given percentage level .  

Cr i t e r ia  were developed fo r  the  calculation and choice of a lag time between 
the bay f ishery and the  counting towers a t  the Togiak Lake outflow. The pri- 
mary c r i t e r i on  f o r  lag time selection was the reconstruction of the  "best" 
entry pattern possible [as i n  formula ( Z ) ]  using a f i n i t e  lag.  The estimate 
a l so  must agree w i t h  available tagging data and behavior information on plaus- 
i b l e  swimming speed. Though i t  could vary year ly ,  i t  must agree with the 
graphical analysis  of cumulative proportion curves of catch and escapement. 
The choice should ultimately minimize the variance in catchabil i t y  which most 
closely f u l f i l  1 s t ha t  model assumption. 

The ca tchab i l i ty  coeff ic ient  was calculated f o r  a given day and year as :  

where the lag time ( L )  was varied over a biologically plausible range and the 
variance of ca tchab i l i ty  was calculated fo r  each lag.  The actual choice of a 
lag time was based on the  minimum coef f ic ien t  of variat ion (cv) f o r  the  catch- 
a b i l i t y  coef f ic ien t  which i s  the standard deviation (so) divided by the  mean 
(9). This r e l a t i ve  measure of dispersal f a c i l i t a t e s  the comparison among vari-  
ances based on means of d i f fer ing magnitude. Table 4 presents the s t a t i s t i c s  
developed f o r  various lags using data from 1967 through 1980 fo r  e f f o r t  of a l l  
gear types. The l a s t  day of the tower counts of a given year was not included 
as  counting ends a t  6 a.m., resul t ing in an estimate of dai ly  abundance which 
i s  too low. The data were a l so  truncated in t ha t  days before 4% of the run i s  
accounted fo r  were not included. This period y i e ld s  highly variable estimates 
of ca tchab i l i ty ,  disproportionately increasing the variance because of the low 
number of f i sh  caught incidental t o  the  chinook salmon f ishery.  Data were a l so  
truncated in years of price disputes (1975 and 1980) when data pr ior  t o  the 
settlement were not included, again,  because of the  catches being incidental 
t o  the  chinook salmon f ishery.  The resul t ing lag times which minimized the 
coef f ic ien t  of variat ion ranged from 7 days in 1978 t o  14 days in 1976 (Table 
4) 

The graphical analysis  of cumulative proportion curves consisted of comparing 
them a t  the  10% level where the  difference i n  time became an estimate of the 
lag time. I t  was judged t ha t  a t  t h i s  point they were s t i l l  qui te  pa r a l l e l .  
Catch was accumulated unt i l  the tower was closed. Understandably, catch data 



Table 4. Statistics for the catchability coefficient (q) developed under 
various lag times. 

Coef f i c i en t  of Lag time 
Lag t ime,  - v a r i a t i o n  (CV) minimum C V ,  

Year days n q x lo-' SD x of  q days 

1967 8 13 1.21 7.70 0.636 
9 12 1.16 8.50 0.733 
10 12 0.97 3.34 0.345 10 
11 12 1.01 4.22 0.418 
12 12 1.09 4.77 0.410 
13 13 1.08 5.88 0.554 

1968 8 23 1.32 6.60 0.500 
9 23 1.36 9.54 0.701 
10 23 1.38 7.20 0.522 
11 23 1.35 5.39 0.399 
12 23 1.56 10.02 0.642 
13 24 1.42 6.91 0.487 
14 24 1.44 9.42 0.654 
15 23 1.49 12.38 0.831 

- Continued - 



Table  4. S t a t i s t i c s  f o r  t h e  c a t c h a b i l i t y  c o e f f i c i e n t  ( q )  devel'oped under 
v a r i o u s  l a g  t imes  (con t inued) .  

Coefficient of Lag time 
Lag time, - variation (CV) minimcm CV, 

Year davs n q x lo-' SD x of  q d a y s  

1977 9 21 0.82 2.89 0.353 
10 20 0.81 2.43 0.296 
11 19 0.82 2.19 0.267 
12 18 0.79 1.71 0.216 12 
13 19 0.75 1.96 0.261 
14 19 0.73 2.23 0.305 
15 19 0.71 2.47 0.348 

where: q - mean catchability 
CV - coefficient of variation 
SD - standard deviation of catchability 
n - sample size 
Date not available for 1970. 

Lag time chosen vith minimum CV which was also compatible 
vith graphical analysis 



could have been truncated p r io r  t o  the tower closure based on the mean lag 
time of Royce (1 965), b u t  t h a t  woul d have presupposed a 1 ag time a p r i o r i  
t o  curve matching. When data were truncated a p o s t e r i o r i  with the  average 
est imate of lag time, the time difference between the curves a t  the 10% 
level changed by much l e s s  than 1 day. Some adjustment was a l so  made f o r  
closed periods creat ing a range f o r  lag times from curve matching. For 
example, suppose the  10% level of the catch curve on 1 July followed a week- 
end c losure  of the  f ishery .  Such considerat ions c rea te  a range f o r  the  10% 
level of 29 June t o  1 July ,  r esu l t ing  i n  a s imi lar  range in lag times. The 
catch per boat ( C P U E )  cumulative proportion curve was a l so  analyzed, and i t  
was found t o  agree closely w i t h  the  catch curve. 

Two circumstances made the curve matching of catch and escapement useful only 
in a qua l i t a t i ve  manner. F i r s t ,  i n  years  of low harvest ,  extended closures 
were enacted which su f f i c i en t l y  a l t e r ed  the shape of the catch curve, degrading 
i t s  usefulness (Figure 6 ) .  These closures often occurred in mid-season, which 
fu r t he r  substantiated the choice of matching a t  the  10% level r a the r  than a t  
the  50% leve l .  Secondly, in years of pr ice  disputes,  cur ta i l ed  f ishing ea r ly  
in the season allowed a large  number of f i s h  t o  escape. Consequently, the 10% 
level i s  reached sooner f o r  escapement and l a t e r  f o r  the  catch than under the  
normal f i sh ing  pa t t e rn ,  negating the  usefulness of this  match. This can be 
seen i n  1975 and 1980 (Figure 7 ) .  The CPUE curve in this case d i f f e r s  substan- 
t i a l l y  from the  catch. The CPUE from the low e f f o r t  ea r ly  in the  season be t t e r  
r e f l e c t s  the ent ry  pat tern  than the  catch s ince  CPUE i s  independent of the  
amount of e f f o r t ,  although both catch and CPUE a t  this time a r e  most l i ke ly  
incidental  t o  the  chinook salmon f i shery .  T h u s  the  CPUE curve was matched w i t h  
the escapement curve a t  the 10% level in years of pr ice  disputes.  Finally,  only 
in years without extended closures o r  pr ice  disputes (Figure 8) can one see t ha t  
the curves para1 l e l  to  the  10% level  and how the  adjusted catch curve a t  the  10% 
level c rea tes  a range of l ag  times. Appendix A presents the catch and escape- 
ment cumulative proportion curves t h a t  a r e  not spec i f i ca l ly  discussed i n  the  
t e x t  below. 

Lag times were t h u s  developed under varying c r i t e r i a  (Table 5) f o r  the years 
1967 t o  1980. Because of the  close agreement of lag  times derived from vari-  
ance minimization and curve matching, the  lag times from the minimization 
process wil l  be used in a11 subsequent analys is .  The h i s t o r i c  average lag  
time was 11 days which matches t h a t  found by Royce (1965). All lag times a r e  
in agreement w i t h  the range of 7 t o  13 days described by ADF&G f i s h e r i e s  biolo- 
g i s t s  in  annual management repor ts  and 6 to  14 days with an average of 10 days 
a s  found from tagging f o r  travel  time in Togiak River (Pennoyer and Nelson 1967). 

W i t h  l ag  time chosen, the yearly ent ry  pat tern  f o r  1967 t o  1980 has been estab- 
l ished.  The sockeye salmon run t o  Togiak River and t h a t  being harvested i n  
Togiak Bay has been defined by the duration of the  tower counts and truncation 
of data as described e a r l i e r .  Daily abundance wil l  only be defined f o r  periods 
in which escapement est imates a r e  avai lable .  Catches of sockeye salmon made 
outside such time periods wil l  be assumed not bound f o r  Togiak Lake when using 
a mean lag time. T h u s ,  the  sockeye salmon run begins f o r  purposes of est imat-  
ing dai ly  abundance and escapement when 4% of t o t a l  abundance i s  accounted f o r  
and l a s t s  unt i l  L days before closure of the tower, where L i s  the lag f o r  t h a t  
year (Table 6 ) .  
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Figure 6 .  Cumulative proportion curves f o r  catch and escapement of t h e  Togiak 
Bay sockeye salmon f i s h e r y :  top - 1973; bottom - 1974. 
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Figure 7. Cumulative proportion curves f o r  catch and escapement of the  Togiak 
Bay sockeye salmon f i s h e r y :  top - 1980; bottom - 1975. 
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Bay sockeye salmon f ishery:  top - 1979; bottom - 1976. 



Table  5. Lag t i m e  i n  days  between f i s h e r y  and c o u n t i n g  tower o b t a i n e d  under 
v a r i o u s  c r i t e r i a ,  1967-1980. 

Matching cumula t ive  c u r v e s  of 
p r o p o r t i o n s  f o r  c a t c h  and escapement 

Minimum v a r i a n c e  of 
A t  10% a d j u s t e d  f o r  c a t c h a b i l i t y  u s i n g  t h e  

Year A t  10% c l o s e d  p e r i o d s  f o l l o w i n g  l a g  t ime 

l ~ a t a  n o t  a v a i l a b l e  f o r  1970. 

L 
I n  y e a r s  of p r i c e  d i s p u t e s ,  c u r v e s  of cumula t ive  p r o p o r t i o n s  

of c a t c h  and CPUE d i f f e r e d  s u b s t a n t i a l l y .  The CPUE c u r v e  was used.  



Table  6. Timing and d u r a t i o n  of t h e  Togiak River  sockeye salmon r u n  f o r  
1967-1980. 

Year Lag t i m e  Day 1 50% End D u r a t i o n  
(days)  

l ~ a t a  n o t  a v a i l a b l e  f o r  1970. 



Choice o f  a  U n i t  o f  E f f o r t  

Having recons t ruc ted  t he  h i s t o r i c a l  e n t r y  p a t t e r n ,  a c t u a l  computat ion o f  t he  
c a t c h a b i l i t y  c o e f f i c i e n t  f o l l ows  development of a  u n i t  o f  e f f o r t .  Choice i s  
con t i ngen t  on t h e  data be ing  a v a i l a b l e  h i s t o r i c a l l y  and in-season, w h i l e  most 
c l o s e l y  f u l f i l l i n g  t h e  assumptions o f  t h e  model. Dur ing t h e  season, a  r e c e i p t  
o f  s a l e  i s  w r i t t e n  f o r  each l a n d i n g  i n  t h e  f i s h e r y  on which i s  documented: 
date o f  sa le ;  t h e  l i c e n s e  h o l d e r ' s  name, number, and gear type;  s t a t i s t i c a l  
area o f  catch;  and t h e  ca t ch  by spec ies i n  numbers and pounds. U l t i m a t e l y ,  
these r e c e i p t s ,  c a l l e d  f i s h  t i c k e t s ,  a r e  computer-processed, a l l o w i n g  t he  f i s h -  
e r i e s  b i o l o g i s t s  t o  r eques t  ca t ch  s t a t i s t i c s  summaries. I n  Togiak, t he  r e g u l a r  
f i s h i n g  p e r i o d  runs  f rom 9  a.m. Monday t o  9 a.m. F r iday ,  and ca t ch  has been 
a l l o c a t e d  t o  f i v e  ca lendar  dates where o n l y  f o u r  24-hour pe r i ods  were f i shed .  
S t i l l ,  t h e  u n i t  o f  e f f o r t  w i l l  span a  1-day per iod ,  remembering t he  s t r a i g h t  
l i n e  approx imat ion  made i n  model development which d i c t a t e s  cho ice  o f  t he  
sma l l es t  t i m e  p e r i o d  f o r  which data a r e  a v a i l a b l e .  

Two types o f  gear a r e  used i n  t h e  Togiak D i s t r i c t ,  d r i f t  g i l l  ne t s  and s e t  g i l l  
nets .  D a i l y  s t a t i s t i c s  have been compi led by boat,  r e f e r r i n g  t o  t h e  ADF&G 
number o f  t h e  l i c e n s e  ho lde r  and by land ing ,  r e f e r r i n g  t o  t h e  a c t u a l  s a l e  r e s u l t -  
i n g  i n  t h e  p roduc t i on  of a  f i s h  t i c k e t .  The d i f f e r e n c e  a r i s e s  as a  g iven  l i c e n s e  
ho lde r  may s e l l  f i s h  more than once p e r  day so t h a t  t h e  number o f  boa ts  i s  always 
l e s s  than  o r  equal t o  t h e  number o f  l and ings  b u t  i t  i s  assumed t h a t  f ishermen do 
n o t  h o l d  f i s h  f o r  more than  1  day before d e l i v e r i n g .  Th i s  a l l ows  two e f f o r t  
schemes f o r  each gear t ype  where boa ts  per  day represen ts  t he  number o f  d i f f e r e n t  
l i c e n s e  ho lders  d e l i v e r i n g  ca t ch  i n  a  g i ven  day. I n  c o n t r a s t ,  t he  number o f  land-  
i ngs  p e r  day i s  t h e  t o t a l  number o f  d e l i v e r i e s  i n  a  g iven  day represen ted  by t h e  
number o f  f i s h  t i c k e t s .  There a r e  a l s o  t h r e e  modes o f  ana l ys i s :  by d r i f t  g i l l  
ne ts ,  by s e t  g i l l  ne ts ,  o r  pooled gear types. Thus, f o r  h i s t o r i c a l  a n a l y s i s  
t h e r e  a r e  s i x  p o s s i b l e  u n i t s  o f  d a i l y  e f f o r t  r e s u l t i n g  f rom t h r e e  gear types 
( d r i f t ,  se t ,  and bo th )  and two coun t i ng  schemes (boa ts  and l and ings ) .  W i th i n -  
season ca t ch  and e f f o r t  data a re  r e p o r t e d  d a i l y  by shortwave r a d i o  t o  t h e  a rea  
management b i o l o g i s t .  I n  t h e  pas t ,  processors summed ca t ch  by day and counted 
t h e  number o f  d e l i v e r i e s .  Thus, e f f o r t  w i t h i n  t h e  season i s  c o l l e c t e d  as land-  
i ngs  p e r  day o f  a l l  gear types. 

I n  t heo ry  i t  i s  d e s i r a b l e  t o  d e f i n e  a  u n i t  o f  e f f o r t  so t h a t  d a i l y  CPUE i s  p ro -  
p o r t i o n a l  t o  d a i l y  abundance; t he  necessary da ta  a r e  a v a i l a b l e  d u r i n g  t h e  
season, and t h e  e f f o r t  measure i s  p r o p o r t i o n a l  t o  t h e  r a t e  o f  f i s h i n g  (F). 
I d e a l l y ,  u n i t s  of e f f o r t  should be s t r i c t l y  a d d i t i v e  so t h a t  an inc rease  i n  
e f f o r t  (f) r e s u l t s  i n  l i n e a r  inc rease  i n  f i s h i n g  m o r t a l i t y  (F) as ~ = q f .  Once 
again, t h e  necess i t y  of  a  cons tan t  c o e f f i c i e n t  o f  c a t c h a b i l i t y  (4) i s  demon- 
s t r a t e d .  A u n i t  o f  e f f o r t  should a l s o  be comparable between yea rs  so t h a t  a  
r e l a t i o n s h i p  f o r  c a t c h a b i l i t y  (4) can be developed f rom h i s t o r i c a l  data. A 
con tan t  vessel  e f f i c i e n c y  o r  f i s h i n g  power must be assumed. The f i s h i n g  power 
i s  a f f e c t e d  by such f ac to r s  as a c t u a l  t ime  spent f i s h i n g  and t h e  gear type,  
dimension, and e f f i c i e n c y .  Many vessel  c h a r a c t e r i s t i c s  a r e  a l s o  i n v o l v e d  
(B londal  1975) such as dimension, engine horsepower, number o f  crew, vessel  
tonnage, and q u a l i t a t i v e  f a c t o r s  such as crew a b i l i t y  o r  i ns t rumen ta t i on .  Gear 
compe t i t i on  o r  a c t u a l  phys i ca l  i n t e r f e r e n c e  between u n i t s  a l s o  a f f e c t s  e f f i -  
c iency .  



Therefore,  t o  most c l o s e l y  f u l f i l l  i d e a l  cond i t i ons ,  w h i l e  a l l o w i n g  use o f  
a v a i l a b l e  data, a  day ' s  f i s h i n g  was used as t he  t ime  u n i t .  Even though n o t  
a  p r e c i s e  measure f o r  a c t u a l  f i s h i n g  t ime,  t h i s  a l l ows  t h e  express ion  o f  
e f f o r t  f o r  t h e  d i f f e r e n t  gear t ypes  i n  comparable u n i t s  (Dunin-Kwinta 1975). 
To s t a b i l i z e  gear dimension, o n l y  data f rom 1976 t o  1980 were used as a  s l i d i n g  
gear r e g u l a t i o n  was i n  e f f e c t  f r om 1973 through 1975 (Table 3 ) .  Data a v a i l a b l e  
p r i o r  t o  1973 (1967 through 1972) was a1 so n o t  used so as t o  m in im ize  t he  t i m e  
d u r i n g  which gear e f f i c i e n c y  and vessel  f ac to r s  cou ld  have changed. 

Eva lua t i on  began w i t h  t h e  s i x  d i f f e r e n t  u n i t s  o f  e f f o r t ;  a l l  gear types,  d r i f t  
nets ,  and s e t  n e t s  each as boats  o r  l and ings  p e r  day. C r i t e r i a  f o r  subsequent 
use i n  f u r t h e r  a n a l y s i s  c o u l d  be based on i t s  homogeneity, a v a i l a b i l i t y ,  and 
r e s u l t i n g  c a l c u l a t i o n  o f  a  cons tan t  c a t c h a b i l i t y  c o e f f i c i e n t .  Thus, o n l y  data 
f rom yea rs  w i t h  comparable f i s h i n g  power was used. As seen i n  Table 3, no major  
t r e n d  t o  the  use o f  l a r g e r  boa ts  has occur red  i n  Togiak s i nce  comp i l a t i on  o f  
keel  l e n g t h  s t a t i s t i c s  began i n  1973. A lso,  maximum gear l e n g t h  was cons tan t  
a f t e r  1976. No i n f o r m a t i o n  on vessel  f a c t o r s  i s  a v a i l a b l e ,  a l though based on 
obse rva t i ona l  knowledge o f  t h e  f i s h e r y  , i t  has been r e 1  a t i v e l y  stab1 e. There 
has been no dramat ic  i n t r o d u c t i o n  o f  s o p h i s t i c a t e d  e l e c t r o n i c  o r  h y d r a u l i c  
equipment i n  t h e  l a s t  few years.  L a s t l y ,  a  workable r e l a t i o n s h i p  f o r  catch-  
a b i l i t y  i s  des i r ab le .  A u n i t  o f  e f f o r t  can be chosen t o  g i v e  t h e  l e a s t  v a r i a -  
t i o n  i n  CPUE o f  homogeneous vessels  (Poinsard and LeGuen 1975). Taken a  s tep  
f u r t h e r ,  a  u n i t  o f  e f f o r t  should a l s o  t ake  a  cons tan t  p r o p o r t i o n  o f  t h e  s tock  
where t h e  cons tan t  of p r o p o r t i o n a l i t y  i s  t he  c a t c h a b i l i t y  c o e f f i c i e n t .  Thus, 
a  u n i t  o f  e f f o r t  was chosen t o  m in im ize  t h e  var iance  o f  c a t c h a b i l i t y .  

C a t c h a b i l i t y  was c a l c u l a t e d  f rom comparable years  1976-1980, us i ng  t he  same 
w i t h i n - yea r  da ta  span as i n  t h e  l a g  t ime  ana l ys i s .  The r e s u l t i n g  r e l a t i o n s h i p  
was: 

where t h e  c a t c h a b i l i t y  c o e f f i c i e n t  (q i j )  was r e l a t e d  t o  e f f o r t  ( f i j )  o f  gear 
t y p e  j a long  w i t h  t h e  r e s u l t i n g  d a y ' s  (i) ca t ch  (ci j )  and escapement ( ~ i + ~ )  
us ing  t h e  y e a r l y  l a g  t ime L. Table 7 summarizes t h e  r e s u l t s  o f  t h e  a n a l y s i s  
f o r  a l l  u n i t s  o f  e f f o r t .  The a c t u a l  va lue  f o r  y e a r l y  mean c a t c h a b i l i t y  and i t s  
va r iance  a r e  n o t  comparable between gear types as they  a r e  n o t  es t imates  of t h e  
same q u a n t i t y .  However, t h e  c o e f f i c i e n t  o f  v a r i a t i o n  (cv) which expresses 
sample v a r i a b i l i t y  i n  r e l a t i o n  t o  t h e  mean i s  comparable. Grea tes t  v a r i a b i l i t y  
i s  seen i n  s e t  n e t s  which may be due i n  p a r t  t o  t h e i r  s e n s i t i v i t y  t o  weather, 
t i d a l  stage, and changes i n  f i s h  d i s t r i b u t i o n .  Also, general  sampl ing v a r i a b i l -  
i t y  may be t h e  cause as e f f o r t  was l ow  i n  t h i s  category.  Thus, t h e  use o f  boa ts  
p e r  day f o r  a l l  gear types min imizes t he  var iance  o f  c a t c h a b i l i t y  f u l f i l l i n g  t h a t  
requi rement .  Yet, t h a t  u n i t  o f  e f f o r t  i s  n o t  r e a d i l y  a v a i l a b l e  w i t h i n  t h e  season 
as a  l i c e n s e  ho lde r  may s e l l  more than  once a  day t o  a  g iven  processor  which 
cou ld  be de tec ted  o n l y  i f  t h e  r e p o r t i n g  system were a l t e r e d .  However, if a 
f isherman s e l l s  t o  more than  one processor  i n  a  g i ven  day, t h i s  would n o t  be 
de tec ted  u n t i l  t he  f i s h  t i c k e t s  f rom a l l  processors have been rece i ved  by t he  
area management b i o l o g i s t .  I n  c o n t r a s t ,  t he  u n i t  most r e a d i l y  a v a i l a b l e  i n -  
season i s  t he  number o f  l and ings  f r om a l l  gear types.  Note t h a t  i t  i s  b u t  t h e  
second b e s t  v a r i a b l e  and i t s  cv d i f f e r s  f r om t h a t  o f  boats  by l e s s  than  5% i n  
f o u r  o f  t h e  5 years  and l e s s  than 10% f o r  a l l  years  analyzed (Table 7).  



Table 7. Catchability statistics for various units of effort. 

All gear Drift gillnets Set gillnets 

Year Boats Landings Boats Landings Boats Landings 

- 
where: q = mean catchability. 

SD = standard deviation. 
CV -- = coefficient of variation. 
CV = mean CV 



Subsequent analysis  was based on those two uni ts  of e f f o r t  t o  detect  any sub- 
s t an t i a l  difference i n  t h e i r  precision.  Landings a r e  more readi ly  avai lable  
during the season and should be used. However, i f  a  substantial  improvement 
were demonstrated in the use of boats, i t  could be maintained a s  a  back-up 
scheme with an additional lag of 1  week f o r  f i sh  t i cke t s  t o  be received i n  
the  ADF&G off ice .  

Several assumptions and r e s t r i c t i ons  a re  contained i n  t h i s  choice of a  uni t  of 
e f f o r t .  By grouping gear types,  an average u n i t  has been created and a s  long 
a s  the proportion of se t - to -dr i f t  nets  remains s tab le  (Table 8 ) ,  the within- 
season CPUE wil l  be comparable t o  h i s to r ic  data. The usefulness of the average 
may a l so  vary w i t h  the number on which i t  is based and data may be re jected i f  
e f f o r t  fa1 1s below some c r i t i c a l  level .  As pointed out above, any d ra s t i c  
change i n  f i sh ing  power or vessel ef f ic iency will  degrade i t s  usefulness. 

Investigation of Variance Components of Catchabil i ty 

The analysis  of catch and e f f o r t  data has, unt i l  now, been based on a  general 
assumption t h a t  the portion of the  population caught i s  proportional t o  the 
e f f o r t  p u t  in to  the process of capture. One u n i t  of e f f o r t  i s  assumed t o  catch 
a  fixed proportion of the  population. The f ishery i s  viewed a s  a  Poisson 
sampling process in which the probabi l i ty  of an individual being captured i s  
proportional t o  the  number of uni ts  of gear f ishing (Seber 1973). Thus, a l l  
uni ts  of e f f o r t  a re  assumed to  be operating independently with no physical in te r -  
ference or  competition and a l l  f i s h  a r e  assumed to  have the same probabi l i ty  of 
capture. As described e a r l i e r  in the model der ivat ion,  e f f o r t  was summed across 
a  1-day period. The catch (ci) from t h i s  e f f o r t  (fi) of day i was then modeled 
as: 

The absence of a  time subscript  f o r  the  ca tchab i l i ty  (4) coef f ic ien t  emphasizes 
the  assumption of consistency in the  proportion of dai ly  abundance ( ~ i )  a level  
of e f f o r t  wil l  remove as catch (Paloheimo and Dickie 1964). Yet, as  seen 
e a r l i e r ,  i n  our choice of lag time and un i t  of e f f o r t ,  ca tchab i l i ty  did vary 
and i t s  minimization was a  c r i t e r i on  fo r  t h e i r  choice. 

In pract ice ,  any estimate of ca tchab i l i ty  will incorporate the cumulative i n t e r -  
action of such variables a s  the following: (1) f ishing power of a  vessel ; ( 2 )  
gear type and dimension; (3) vulnerabi l i ty  of a  f i s h  population to  a  par t i cu la r  
ground; (4)  aggregation of f ishing un i t s  on the f ishing ground; and (5) physi- 
cal phenomena, such as  weather and t ides .  

The l ikelihood of ca tchab i l i ty  being constant f o r  a l l  individuals across time 
will  depend i n  par t  on the presence and interact ion of these factors .  The 
influence of each of these variables was evaluated i n  terms of minimizing the 
variance of the  dai ly  catchabi l i ty  coeff ic ient  a s  calculated from his tor ical  
data. 

I n i t i a l l y ,  only data since 1976 were used t o  minimize the e f f ec t  of changes in 
f i sh ing  power. This eliminated any e f f e c t  of a  long-term trend in f ishing 



Table  8. Mean p r o p o r t i o n  o f  t o t a l  d a i l y  e f f o r t  f o r  s e t  and d r i f t  
n e t s  by l a n d i n g  and by b o a t .  

P r o p o r t i o n  of t o t a l  e f f o r t  

Boats  Landings 

Year D r i f t  g i l l n e t  S e t  g i l l n e t  D r i f t  g i l l n e t  S e t  g i l l n e t  



power or eff ic iency a s  was addressed in the  discussion on choice of a unit  
of e f f o r t .  The e f f ec t  of d i f fe r ing  gear types was a l so  addressed in the 
choice of e f f o r t  in t ha t  i f  the proportion of d r i f t  t o  s e t  nets remains f a i r l y  
constant (Table 8 ) ,  the variance of ca tchab i l i ty  was minimized in the choice 
of a pooled gear type. In addi t ion,  data were truncated t o  include only t ha t  
portion of the r u n  a f t e r  4% was accounted f o r ,  minimizing the inclusion of 
data involving sockeye salmon captured by "king gear" as defined i n  the in t ro-  
duction. Mesh s i ze  i s  not indicated on the delivery t i c k e t  and i t  i s  assumed 
tha t  "king gear" was not used past  1 July. Even w i t h  the sole  use of "sockeye 
gear", the t e s t  f i she r i e s  of Bristol Bay (Meacham 1980) have again shown j u s t  
how sens i t ive  ca tchab i l i ty  i s  to  d i f fe r ing  average f i s h  s i ze  (Baranov 1948; 
Hamley 1975). Thus, f o r  Togiak, some notion of s e l ec t i v i t y  of g i l l  nets  and 
i t s  in teract ion w i t h  the variat ion in average f i s h  s i ze  i s  indicated. 

The aggregation of f ishing uni ts  on the  sockeye salmon population may a f f ec t  
ca tchabi l i ty  i f  competition or physical interference develops between uni ts  of 
e f f o r t  af fect ing the eff ic iency of each. In addit ion,  the sockeye salmon may 
be entering the d i s t r i c t  in a r e s t r i c t ed  but predictable manner and fishermen 
may regulate f ishing e f f o r t  in proportion t o  density present. Thus, favored 
f i sh ing  areas of dependable ca tchab i l i ty  develop and i f  they a r e  s ize- l imi t ing,  
an increase in e f f o r t  may force some fishermen to  f i s h  areas of lower or  unpre- 
d ic table  density. The r e s u l t  i s  t h a t  a l inear  increase in e f f o r t  would not be 
accompanied by a l inear  increase i n  catch (under constant i n i t i a l  abundance) 
thereby, causing ca tchab i l i ty  t o  vary. Varying leve l s  of e f f o r t  could a f f e c t  
ca tchabi l i ty  ind i rec t ly  as  i t  a f f ec t s  overall soaking time, gear eff ic iency,  o r  
placement. Lastly,  recal l  ing the model derivation,  i f  the retention period i s  
greater  than 1 day, catchabil i t y  wil l  vary with e f f o r t  (see p .  15) .  These 
occurrences were investigated t o  determine i f  a  re la t ionship  could be developed 
between the  level of e f f o r t  and catchabi l i ty .  

Physical phenomena may a l so  a f f ec t  ca tchabi l i ty .  Weather can cause the  f l e e t  
to  be l e s s  e f f ec t i ve ,  e.g. ,  high winds and wave action will  increase the drop- 
out r a t e  and even a l t e r  f i shing time w i t h i n  a  day. As dai ly  weather data f o r  
Togiak were unavailable, a  portion of the unexplained variance of catchabil i t y  
can be a t t r ibu ted  to  changes i n  weather. In addi t ion,  salmon movement i n  an 
es tuar ine  environment var ies  w i t h  t i da l  stage,  and as  g i l l  nets  a r e  a passive 
gear dependent on t h i s  movement, catches will vary likewise. Access t o  some 
buying s ta t ions  i s  l imited t o  a few hours bracketing high t i de .  Land-based 
processors normally begin t o  receive del iver ies  2 hours before high t i de .  
Historical  dai ly  CPUE estimates can be theorized equivalent i n  representing 
dai ly  abundance only i f  they a l l  incorporate s imilar  pat terns  of t i da l  stages 
necessary fo r  optimal f ishing and delivering.  For example, given equal dai ly  
abundance, CPUE estimates of 2 days could d i f f e r  widely i f  one 24-hour period 
included only one optimal f i sh ing  (or  delivery) t i d e  while the  other  included 
two. Tide data a r e  avai lable  and a re la t ionship  was tes ted t o  r e l a t e  catch- 
a b i l i t y  t o  dai ly  t i da l  cycle. 

Here the  goal was t o  quantify a s  much variat ion in ca tchab i l i ty  w i t h i n  and 
between years so as  to estimate dai ly  abundance. Only data since 1976 were 
used a s  described e a r l i e r .  Days with e f f o r t  l e s s  than 20 were deleted. 
Especially evident was low e f f o r t  on Sundays when f l e e t  composition i s  markedly 
a l tered because of the  re l ig ious  a f f i l i a t i o n  of the fishermen. Analysis used 
catch and e f f o r t  from a l l  gear types, boats, and landings. 



I t  was postulated t ha t  a large portion of the  observed variance in ca tchab i l i ty  
could be explained through the  use of an appropriate model incorporating vari-  
ables which could contribute to  such variance. The c r i t e r i a  f o r  including a 
variable was tha t  i t  be possible t o  obtain the necessary information within the 
season. Thus, such items as  t o t a l  r u n  s i z e ,  dai ly  abundance, and averages of 
developed variables would not be used. Seven variables were defined (Table 9 ) .  
The f i r s t  was dai ly  e f f o r t  i n  landings or boats of a l l  gear types,  used to  
determine i f  a  re la t ionship  with e f f o r t  could be found. Day of the r u n  was 
used t o  detect  an associat ion of ca tchab i l i ty  w i t h  time within the  season. Day 
one was then defined a s  the probable occurrence of 4% of t he  cumulative r u n .  
Thus, the i n i t i a l  time i s  not a s e r i a l  da te ,  b u t  l inked to  the  timing of the  
sockeye salmon r u n  which incorporates i t s  reaction t o  environmental fac to rs .  
In addit ion,  ca tchab i l i ty  could vary w i t h  time in response t o  several occur- 
rences which a r e  l e s s  readi ly  quantif ied.  F i r s t ,  the re  may be a learning fac- 
t o r  a f fec t ing  e f f o r t  efficiency through a given season a s  fishermen t e s t  o r  
break in new gear, crew members, and techniques a s  the sockeye salmon r u n  begins. 
Secondly, "king gear" ( a s  defined i n  the introduction) may s t i l l  be f ished ea r ly  
i n  the  season, i t s  use being affected by the presence of substant ia l  numbers of 
sockeye or  chinook salmon. In addi t ion,  the t r ans i t i on  of the f l e e t  from "king" 
to  "sockeye gear" may take several days. Next, i t  i s  assumed tha t  the observed 
entry  pattern i s  conserved across generations a s  found in Bristol  Bay and e lse-  
where (Thompson 1951 ; Vaughan 1954). Relative abundance then becomes a function 
of day of the r u n ,  r e su l t ing  i n  a  proportion of to ta l  r u n  expected by day. T h u s ,  
i n  Togiak where processor l imi ta t ions  have been documented during the  second week 
of the  r u n  (1976, 1978-80), t h i s  becomes re la ted  t o  days of the  r u n  where large  
abundance occurs. Daily abundance i s  not permissable a s  a var iable ,  being an 
estimated quanti ty,  while day of the r u n  i s ,  and the days of processor l imi ta-  
t ions  where ca tchab i l i ty  i s  a r t i f i c i a l l y  lowered through l im i t s  or  cessation of 
buying can be detected. I t  has a l so  been observed from ae r i a l  survey data 
(ADF&G, Annual Management Report, Bristol  Bay area 1966-1 976) t h a t ,  on the aver- 
age, 12% of the run i s  bound f o r  the t r i bu t a r i e s  or spawns in the  main r i ve r  
channel and i s  not counted by the  towers. Substantial catches a r e  a l so  observed 
l a t e  i n  the season when tower counts have declined considerably and continue 
a f t e r  the tower closes.  I t  thus seems plausible t h a t  these f i s h  a r e  late-timed 
runs bound f o r  the main r i ve r  and lower t r i b u t a r i e s  and t h e i r  escapement i s  not 
incorporated in to  the dai ly  abundance of h is tor ical  data. I t  i s  postulated 
t ha t  ca tchab i l i ty  var ies  w i t h  the  influence of these runs l a t e  in the season 
and can again be detected by day of the  r u n .  I t  i s  assumed tha t  the f i r s t  day 
of the run can be detected within the season without e r ro r  and thus i s  not an 
estimated quanti ty.  

A t i d e  index was a l so  developed t o  evaluate the consistency and influence of a 
day's  t ida l  pattern on catchabi l i ty .  A t  the major land-based processor in 
Togiak, de l iver ies  of catch normally begin two hours before the  high t ide .  
Depending on such things a s  amount of e f f o r t ,  CPUE,  and quanti ty of off-loading 
cranes operating, delivery may l a s t  u p  t o  four hours past high t ide .  The cor- 
respondence of delivery time t o  the s t a t i s t i c a l  time unit  of e f f o r t  being mid- 
night t o  midnight depends on the synchronization of the  two. An example, f o r  
c l a r i f i c a t i o n ,  would be the  occurrence of high t i d e  a t  11:OO p.m. Only a cer- 
t a in  proportion of those catches made on t h a t  day would be delivered before 
midnight and al located to  t ha t  day. Deliveries were assumed t o  be uniformly 
dis t r ibuted over a 6-hour period, beginning 2 hours before high t i d e  and las t ing  



Table  9 .  V a r i a b l e s  d e f i n e d  f o r  u s e  i n  d e s c r i b i n g  c a t c h a b i l i t y  a s  a  f u n c t i o n .  

V a r i a b l e  Var iance e x p l a i n e d  due t o  : Cause of such r e l a t i o n s h i p  

1. E f f o r t  i n  l a n d i n g s  A s s o c i a t i o n  of c a t c h a b i l i t y  1. Compet i t ion o r  p h y s i c a l  i n t e r f e r e n c e  
o r  b o a t s  w i t h  e f f o r t  between u n i t s  of g e a r .  

2 .  R e t e n t i o n  p e r i o d  g r e a t e r  t h a n  one day.  

2. Day of t h e  run  

3 .  Tide index  

4. Landing p e r  b o a t  

A s s o c i a t i o n  of c a t c h a b i l i t y  1. Learn ing  f a c t o r  i n  f i shermen .  
w i t h  t ime 

2. Gradual  change from "king" t o  "sockeye" 

A s s o c i a t i o n  of c a t c h a b i l i t y  
w i t h  abundance p r e s e n t  

g e a r .  

C a t c h a b i l i t y  may v a r y  w i t h  l e v e l  of abun- 
dance as p r o c e s s o r  l i m i t a t i o n s  and r e s -  
t r i c t i o n s  a f f e c t  f i s h i n g .  Abundance is  
assumed t o  v a r y  w i t h  day of r u n .  

A s s o c i a t i o n  o f  c a t c h a b i l i t y  S u b s t a n t i a l  c a t c h e s  p e r s i s t  a f t e r  count-  
w i t h  sockeye salmon r a c e s  l a t e  i n g  towers  c l o s e ,  pe rhaps  from l a t e r  
i n  season  t imed r a c e s  bound f o r  t r i b u t a r i e s  of 

Togiak and t h e  main r i v e r  below t h e  
tower.  

D i f f e r e n t  t i d a l  p a t t e r n s  each  With d e l i v e r i n g  o f  c a t c h  r e s t r i c t e d  t o  

day h i g h  t i d e ,  CPUE o f  days  w i t h  d i f f e r i n g  
amount of d e l i v e r y  t i m e  a v a i l a b l e  a r e  
n o t  comparable.  

Changes i n  t h e  normal f i s h i n g  1. On days  of h i g h  abundance i f  l a n d i n g s  
p a t  t e r n  p e r  b o a t  i n c r e a s e  c a t c h a b i l i t y  w i l l  

va ry .  

2 .  I n f l u x  later  i n  season  of s m a l l  b o a t s  
which c o n s i s t e n t l y  d e l i v e r  each t i d e .  



Table  9 .  V a r i a b l e s  d e f i n e d  f o r  u s e  i n  d e s c r i b i n g  c a t c h a b i l i t y  a s  a  f u n c t i o n  ( c o n t i n u e d ) .  

V a r i a b l e s  Var iance  e x p l a i n e d  due t o :  Proposed r e l a t i o n s h i p  

Average d a i l y  sockeye salmon S e l e c t i v i t y  of t h e  g i l l n e t s  1. G i l l n e t s  s e l e c t  f o r  a n  o p t i m a l  s i z e  
s i z e  a s :  r ange  which i s  superimposed on t h e  

5. Average weight  from f i s h  
t i c k e t s  

6 .  Average l e n g t h  from A-W-L 
s amp 1 i n g  

7 .  Average weight  from A-W-L 
sampling 

d i s t r i b u t i o n  of f i s h  s i z e s  p r e s e n t .  
Th i s  i n t e r a c t i o n  w i l l  v a r y  a s  does  
t h e  d i s t r i b u t i o n  h e r e  d e s c r i b e d  by 
i t s  mean. 



4 hours a f t e r .  In t h i s  example, the majority of de l iver ies  would be made 
from 9 p.m. t o  3 a.m. Thus, with 50% of the delivery time avai lable  (9:OO 
p.m. - 12:OO a.m.), only 50% of t h a t  previous t i d e ' s  catch could be delivered 
before midnight, resul t ing i n  a t ide  index of -50. Given t ha t  the  previous 
delivery time about high t ide  was f u l l y  within the day, 1.0 i s  added. If the 
previous evening's high t i de  were a t  10:OO p.m., the de l iver ies  would be made 
from 8 p.m. t o  2 a.m., and an index of .33 would be a l located to  t h i s  day. 
The resu l t ing  t i de  index f o r  the day would be 1.83. A f u l l  day's  t i da l  cycle 
would receive an index of 2.0. This assumes the optimal f ishing t i d e  i s  low 
and beginning of the flood and optimal delivering t i d e  becomes the high. If 
the  time of each delivery were known fo r  h is tor ical  da ta ,  the u n i t  of e f f o r t  
could be defined by delivery t i de  o r  per half day. This would negate the need 
fo r  a t i d e  index which attempts t o  compensate f o r  the  a r t i f i c i a l i t y  of a l-day 
time period. 

Landing per boat as  a variable was postulated to  be useful in describing the 
variance i n  ca tchab i l i ty  because of a less-than-ideal uni t  of e f f o r t .  In 
theory, each standard u n i t  of e f f o r t  should take the  same proportion of stock 
present. B u t ,  as  happens i n  a sk i f f  f i shery ,  holding capacity i s  l imi ted,  and 
on days of high density,  two de l iver ies  per day may become necessary, one each 
t ide .  Thus, f i shing time per delivery may vary w i t h  density and may be re f lec ted  
by landing per boat. The variance in the CPUE re la t ionship  w i t h  da i ly  abundance 
manifests i t s e l f  in a varying ca tchab i l i ty  a s  the time u n i t  of e f f o r t  i s  f ixed 
t o  be 1 day. Landing per boat could be an index of t h i s  and when greater  than 
one, i t  indicates days i n  which there was a loss  in available f ishing time 
because of the time involved in a second delivery. There i s  a l so  an influx 
l a t e r  in the season of small boats ( s k i f f s  < 16 f t . )  joining the f l e e t  t o  f i s h  
the inner bay near the  cannery (Figure 2 )  and consis tent ly  delivering every 
t ide .  Their presence and the resul t ing change in the  f ishing pattern could 
a lso  be detected by an increase in landings per boat. Finally,  the var iable ,  
landings per boat, could be viewed as  an indicator  of a type of sa turat ion.  
Catch per u n i t  e f f o r t  wil l  be associated with abundance, but a t  l eve l s  of high 
density,  the catches could be somewhat lower than expected with a constant 
ca tchab i l i ty  because of the l o s t  f i sh ing  time spent instead on an additional 
delivery per day. Landings per boat could be an indicator of t h i s  and might 
describe the variance i n  ca tchab i l i ty  a t t r ibu tab le .  Table 10 shows t h a t  the 
average landings per boat has varied l i t t l e  between years of i n t e r e s t  or  even 
between gear types where i t  was previously believed t ha t  s e t  net fishermen 
delivered a f t e r  each t i de .  

I t  has been documented by the t e s t  f i s h e r i e s  of Bristol  Bay (Yuen 1980) and 
other sampl ing programs using g i l l  ne t s  (Regier and Robson 1966; Todd and 
Larkin 1971) t h a t  ca tchabi l i ty  var ies  w i t h  f i s h  s ize .  The nets have been 
shown t o  be s ize-select ive  and the re la t ionship  w i t h  the season's  average- 
sized f i s h  might vary yearly.  In-season daily f i sh  s i ze  can be obtained from 
d i f fe ren t  sources. I n i t i a l l y ,  the day 's  catch i s  reported by the processors 
in numbers and pounds, f a c i l i t a t i n g  an average weight from commercial reports .  
In addit ion,  ADF&G maintains an age, weight, and length (AWL) sampling program 
i n  Togiak from which the average weight o r  length can be obtained. Thus, three  
types of dai ly  s i ze  indicators were evaluated, f i r s t  the dai ly  mean weight from 
commercial f i s h  t i c k e t s ,  second the mean length from A-W-L samples, and l a s t l y ,  
the  mean weight of A-W-L samples. 



Table  10 .  Da i ly  average  number of l a n d i n g s  p e r  ADFGG l i c e n s e  h o l d e r  
(LIB) f i s h i n g  i n  Togiak Bay. 

D a i l y  average  number o f  l a n d i n g s  p e r  b o a t  

A l l  gear- - D r i f t  n e t s  S e t  n e t s  
Date 

LIB SD' L /B  SD L/B s D 

I 
SD = s t a n d a r d  d e v i a t i o n .  



I n  summary, a  number of va r i ab les  were proposed t o  compensate f o r  t h e  crude 
u n i t  o f  e f f o r t  a v a i l a b l e  i n  a  commercial f i s h e r y .  I f  the  ac tua l  f i s h i n g  
t ime and t i d a l  stage f o r  each ca tch  were known d a i l y ,  land ings  per  boat  and 
t h e  t i d e  index would be unnecessary, as e f f o r t  cou ld  be ad jus ted  accord ingly ,  
l eav ing  c a t c h a b i l i t y  constant.  I n  essence, the  u n i t  o f  e f f o r t  has been fo rced  
t o  be constant  o r  unadjustable, r e s u l t i n g  i ns tead  w i t h  adjustments i n  catch- 
a b i l i t y  f o r  a  use fu l  r e l a t i o n s h i p  w i t h  which t o  est imate d a i l y  abundance and 
escapement. 

I n i t i a l l y ,  a  l i n e a r  model was hypothesized f o r  c a t c h a b i l i t y  which cou ld  be 
solved i n  ob ta in ing  l e a s t  squares est imates o f  c o e f f i c i e n t s  by regress ing  
d a i l y  ca t chab i l  i t y  (ai) on the  p rev ious l y  mentioned va r i ab les  ( x i j )  : 

= B +  t B X  +ei 
'i 0 j=l j i j  

There e x i s t  seven va r i ab les  ( x j )  where o n l y  one s i z e  i n d i c a t o r  i s  entered a t  
a  t ime. The v a r i a b l e s  were p l o t t e d  aga ins t  c a t c h a b i l i t y  f o r  an i n d i c a t i o n  o f  
t h e  s t reng th  of any r e l a t i o n s h i p .  Only e f f o r t  (F igures 9  and 10) appears t o  
be associated w i t h  c a t c h a b i l i t y  t o  any g rea t  ex ten t .  

The c o r r e l a t i o n  m a t r i x  r e s u l t i n g  from a  stepwise regress ion  (Draper and Smith 
1966) on ca tchab i l  i t y  (Table 11 ) shows e f f o r t ,  land ings  pe r  boat  (L/B) and the  
t i d e  index (T) t o  be the  most h i g h l y  c o r r e l a t e d  w i t h  c a t c h a b i l i t y .  Three 
regress ions were conducted, each i n c l u d i n g  one v a r i a b l e  represent ing  f i s h  s ize.  
E f f o r t  i s  t he  nex t  h i g h l y  c o r r e l a t e d  and en ters  t he  regress ion  equat ion f i r s t .  
Next, L/B  and the  t i d e  index a re  confounded w i t h  e f f o r t  which s u b s t a n t i a l l y  
decreased t h e i r  e f f ec t i veness  i n  desc r i b ing  a d d i t i o n a l  var iance o f  c a t c h a b i l i t y  
g iven t h a t  e f f o r t  had entered the  equat ion. Thus, on l y  t h e  c o e f f i c i e n t s  ( B ~ )  

o f  e f f o r t  and day o f  t he  r u n  d i f f e r e d  s i g n i f i c a n t l y  f rom zero (Table 12). 
Th is  r e s u l t e d  i n  t h e  exp lanat ion  o f  74% o f  t he  v a r i a t i o n  i n  c a t c h a b i l i t y  w h i l e  
e f f o r t  exp la ined a  subs tan t i a l  70%. S t i l l ,  i n  t h i s  choice o f  model t o  est imate 
c a t c h a b i l i t y  t he re  appeared a  non-randomness t o  t h e  runs o f  s igns o f  t he  r e s i -  
duals (Draper and Smith 1966, 1980) and a  d i f f e r e n t  model was sought. 

The s l i g h t  assoc ia t i on  w i t h  t ime, though account ing f o r  t h e  exp lanat ion  o f  o n l y  
4% of t he  v a r i a t i o n ,  d i d  suggest an a l t e r n a t i v e  model. A m a t r i x  c o n s i s t i n g  of 
a l l  t h e  data was c rea ted  w i t h  columns represent ing  years, and rows represent ing  
day o f  t he  run. From t h i s  a  n a t u r a l  breakdown by week o f  the  run  became appar- 
ent.  Th i s  would accomplish much o f  what t h e  prev ious s i g n i f i c a n t  t ime v a r i a b l e  
d i d  as there  i s  now a  type o f  b lock ing  on t ime. Th i s  a l l ows  f o r  t h e  separat ion 
o u t  o f  t h e  f i r s t  week o f  t he  run  where f i s h i n g  i s  most a p t  t o  be o f  mixed gear 
types ( " k i n g "  and "sockeye"). One can a l s o  i s o l a t e  t he  second week i n  which 
du r i ng  1976 and 1978-80, processor l i m i t a t i o n s  changed the  f i s h i n g  pa t te rn .  I n  
1976, ca tch  l i m i t s  were imposed and buying suspended du r i ng  5-10 J u l y .  I n  1978, 
l i m i t s  were p laced on f ishermen d e l i v e r i n g  t o  t he  pr imary land-based processors. 
F loa te rs  d i d  take up the  excess, b u t  i t  s t i l l  decreased remaining f i s h i n g  t ime 
by the  amount necessary f o r  an a d d i t i o n a l  d e l i v e r y  and a r t i f i c i a l l y  increased 
t h e  number o f  land ings  per  day. C a t c h a b i l i t y  i s  a r t i f i c i a l l y  lowered w i t h  
l i m i t s  and suspended buying and t h i s  data needs t o  be separated f rom t h a t  
remaining. Processor l i m i t a t i o n s  are  l e s s  l i k e l y  t h e  t h i r d  week b u t  data 
should be separated from t h e  f o u r t h  week. Dur ing the  f o u r t h  week there  i s  
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F i g u r e  9.  The c a t c h a b i l i t y  c o e f f i c i e n t s  c a l c u l a t e d  from h i s t o r i c a l  
d a t a  of t h e  Togiak Bay sockeye salmon f i s h e r y ,  1976-1980, 
and t h e i r  subsequent  r e l a t i o n s h i p  t o  t h e  f o l l o w i n g  
v a r i a b l e s :  E f f o r t  i n  l a n d i n g s ,  day of r u n ,  l a n d i n g s  p e r  
b o a t ,  and t i d e  index.  
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Figure 10. The catchability coefficients calculated from historical 
data of the Togiak Bay sockeye salmon fishery, 1976-1980, 
and their subsequent relationship to the three variables 
representing fish size: Average sockeye weight from 
fish tickets, average sockeye weight from AWL catch 
samples, and average sockeye length from AWL catch 
samples. 



Table 11. Correlation coefficients (r) for three regressions of catchability ( q ) ,  
each with a different fish size variable. Differing size data sets for 
fish size variables are reflected in the differing r values of variables 
between regressions. 

Effort (F) -0.84 
Day of run (D) 0.18 0.03 
Tide index (T) -0.34 0.53 0.14 
Landings per boat ( L I B )  -0.43 0.58 0.22 0.46 
Daily mean sockeye salmon 
weight from fish tickets -0.08 -0.12 -0.49 -0.25 -0.07 

Q F D T LIB 

F -0.81 
D 0.17 0.07. 
T -0.31 0.52 0.06 
LB -0.41 0.56 0.21 0.42 
Daily mean sockeye salmon 
length from AWL sample 0.10 -0.25 -0.61 0.02 -0.07 

Q F D T LB 

F -0.84 
D 0.12 0.07 
T -0.32 0.51 0.08 
LB -0.40 0.57 0.30 0.41 
Daily mean sockeye salmon 
weight from AWL sample 0.02 -0.02 -0.33 0.08 0.04 

Q F D T LB 



Table 12. Results of linear regression for catchability where effort in landings 
per day was used. 

Variables available for entry into linear regression with catchability 

Regression with Day of Tide Landings Mean dailyb AWL mean AWL mean 
catchability for: Effort run index per boat weight daily len. daily wt. 

S. S. N.S. N.S. N.S. N.S. N.S. 

Entire year R2 0.70 0.74 

AR' 0.70 0.04 

1s t Week 

2nd Week 

3rd Week 

4th Week 

Sign. S. N.S. N.S. N.S. N.S. N.S. N.S. 

R2 0.67 

AR 0.67 

Sign. S. N.S. N.S. N.S. S. N.S. N.S. 

R' 0.75 0.81 

AR2 0.75 0.06 

Sign. S. N.S. N.S. N.S. S. N.S. N.S. 

R2 0.79 0.83 

AR' 0.79 0.04 

Sign. S. S. N.S. N.S. N.S. 

R~ 0.82 0.88 

aR2 0.82 0.06 

N.S. N.S. 

a~ign. = significant at the 95% level. 
S. = significant at the 95% level. 
N.S. = not significant. 
R2 = coefficient of determination. 
A R ~  = change in R' due to addition of variable, 

b~rom fish tickets. 



often a t rans fe r  in of additional vessels a s  other Bristol Bay f i she r i e s  
decline. These a r e  primarily 32 f t  (9.76 m) vessels and may d i f f e r  in e f f i -  
ciency from the  local ski f f  fishermen. Also, a s  mentioned e a r l i e r ,  there 
a r i s e s  the likelihood of the presence of sockeye salmon bound fo r  the lower 
t r i b u t a r i e s  and the main Togiak River channel which a r e  not counted in-season 
by the  towers. Their presence in the catch will a r t i f i c i a l l y  increase catch- 
a b i l i t y .  

In the l i nea r  regression of ca tchab i l i ty  by week (Table 12 ) ,  e f f o r t  again 
explained the  most variat ion per week and was the only variable consis tent ly  
s ign i f ican t .  Day of the r u n  was s ign i f ican t  only fo r  the fourth week explain- 
ing an additional 6% of the var ia t ion.  When boats as  a uni t  of e f f o r t  was 
used, the t i d e  index explained a s ign i f ican t  amount of var ia t ion during the 
th i rd  and fourth week (Table 13) .  The mean dai ly  weight from f i s h  t i cke t s  was 
not consis tent ly  s ign i f ican t  through the weeks, explaining about 5% in the 
t h i rd  and fourth week. Use of the  dai ly  average length or  weight of sockeye 
salmon from the A-W-L samples did not explain a s ign i f ican t  amount of var ia t ion 
a t  any time. 

The regression of catchabi l i ty  with e f f o r t  alone was then conducted t o  examine 
the  res iduals  f o r  an evaluation of the adequacy of the model. A trend was 
apparent (Figure 11) as  the res iduals  increased with increasing e f f o r t  i n  
excess of one hundred uni ts  and decreased over the range 0-100. A curve was 
then thought to  be t t e r  describe the re la t ionship  between e f f o r t  and ca tchab i l i ty .  
In tu i t ive ly ,  a curve i s  more appealing a s  one would expect a diminishing decrease 
in ca tchab i l i ty  with an increase i n  e f f o r t  and not f o r  ca tchab i l i ty  t o  be driven 
t o  zero a s  a l inear  expression suggests. Two models were postulated as having 
the necessary shape, a power curve qi  = a f i b  and a negative exponential curve 
q i  = a e b f i  where b < o and a ,b  a r e  regression coef f ic ien t s  (Tables 14, 15; 
Figures 12, 13, 14).  The f i t  of the  curves was subs tan t ia l ly  bet ter  than the 
l inear  model, especia l ly  in the behavior about the t a i l s  of the data. Plots 
of the residuals against  a1 1 variables did not strongly indicate the addition 
of any other variable in to  the equation. Both a transformation of the data t o  
a l inear  model and a nonlinear analysis  were conducted of the curves to  include 
a l l  covariates.  Variables were added i n  a  mult iplicative manner f o r  a log 
transformation i n  the  l i nea r  analysis  as :  

and : 
5 

'i 
= a  e x p  ( C b . X . . )  

j=l I 13 

For the nonlinear analysis  i n  addition t o  the above models, the variables were 
a l so  added t o  the curves in a l inear  fashion: 



Table  1 3 .  R e s u l t s  of l i n e a r  r e g r e s s i o n  f o r  c a t c h a b i l i t y  where e f f o r t  i n  b o a t s  
p e r  day w a s  used .  

Variables available for entry into linear regression with catchability 

Regression with Day of Tide Landings Mean dailyb AWL mean AWL mean 
catchability for: Effort run index per boat weight daily len. daily wt. 

S. S. S. N.S. N.S. N.S. N.S. 

Entire year R2 0.68 0.74 0.76 

Sign. S. N.S. N.S. N.S. N.S. N.S. N.S. 

1st Week R2 0.48 

AR 0.48 

Sign. S. N.S. N.S. N.S. S. N.S. N.S. 

2nd Week R2 0.75 0.80 

Sign. S. N.S. S. N.S. N.S. N.S. N.S. 

3rd Week R2 0.80 0.85 

Sign. S. S. S. S. N.S. N.S. N.S. 

4 th Week R2 0.79 0.87 0.94 0.92 

hR2 0.79 0.08 0.02 0.05 

a~ign. = significant at the 95% level. 
S. = significant at the 95% level. 
N.S. = not significant. 
R2 = coefficient of determination. 
A R ~  = change in R2 due to addition of variable. 

b~rom fish tickets. 
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Figure 11. Residuals from the linear regression of catchability on 
effort by week for the Togiak Bay sockeye salmon fishery, 
1976-1980. Week one (A), week two (B) , week three (C) , 
and week four (D). 



Table 1 4 .  Statistics from the regression of catchability on daily 
landings as effort using three different models. 

Week Linear Power Exponential 

Entire R 0.70 0.78 0.78 
year 

SD 1.6 x 1.4 x lov3 '1.4 

where: R~ = coefficient of determination. 
SD = standard deviation. 

a 
Results from nonlinear regression presented. 



Table 15. Statistics from the regression of catchability on 
daily boats as effort using three different models. 

a 
Curves 

Week Linear Power Exponential 

Entire R2 0.68 0.74 0.74 
year 

SD 1.8 x I . ~ X I O - ~  ~ . ~ x I o - ~  

2 
where: R = coefficient of determination. 

SD = standard deviation. 
a Results from nonlinear regression presented. 
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Figure  12.  The l i n e a r  r eg re s s ion  of c a t c h a b i l i t y  on e f f o r t  by week 
f o r  t h e  Togiak Bay sockeye salmon f i s h e r y ,  1976-1980. 
Week one ( A ) ,  week two ( B ) ,  week t h r e e  (C), and week 
f o u r  (D) .  
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F i g u r e  13. The r e g r e s s i o n  o f  c a t c h a b i l i t y  on e f f o r t  by week u s i n g  t h e  
power curve  model f o r  t h e  Togiak Bay sockeye salmon f i s h e r y ,  
1976-1980. Week one ( A ) ,  week two (B),  week t h r e e  ( C ) ,  and 
week f o u r  ( D ) .  



Figure 1 4 .  Regression of catchability on effort by week using a 
negative exponential model for the Togiak Bay sockeye 
salmon fishery, 1976-1980. Week one (A), week two 
(B), week three (C) , and week four (D). 
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and : 
5 

Only the  variables which explained more than 5% of the variat ion of ca tchab i l i ty  
were analyzed by nonlinear regression a f t e r  the  l i nea r  transformation and again 
no variable other than e f f o r t  was s ign i f ican t  over a l l  the weeks. In summary, 
only e f f o r t  explained more than 5% of the var ia t ion i n  catchabil i t y  f o r  a l l  
weeks. The power curve was judged the best  f i t  t o  the  data i n  t h a t  i t  had the 
consistently l a rges t  coeff ic ient  of determination ( ~ 2 )  with landings a s  e f f o r t ,  
i t  a lso  be t te r  described catchabil i t y  f o r  large values of e f f o r t .  

As no variable representing f i s h  s i z e  was consis tent ly  s ign i f ican t  f o r  data from 
the Togiak sockeye salmon f i shery ,  an explanation was sought i n  the  behavior of 
i t s  s e l ec t i v i t y  curves. A1 though the "sockeye gear" commonly used in Bristol  
Bay i s  5-318 in  (13.6 cm) mesh, Togiak sockeye salmon are  consis tent ly  the l a r -  
gest  i n  Bristol  Bay (ADF&G Annual Management Report, Bristol  Bay area 1976). 
To visual ize  the  s ens i t i v i t y  of ca tchab i l i ty  t o  changes i n  average f i s h  s ize ,  
length s e l ec t i v i t y  curves based on ADF&G A-W-L data were calculated f o r  a  given 
year. Escapement samples were used t o  apportion t o t a l  escapement in to  length 
categories (i) as  was to ta l  catch apportioned by i t s  sample. These were then 
added together t o  create  a  t o t a l  r u n  i n  each length category ( ~ i )  from which a  
s e l ec t i v i t y  coef f ic ien t  (si) was calculated (Figure 15) .  Here the  s e l ec t i v i t y  
coef f ic ien t  represents the  f ract ion of the  to ta l  r u n  i n  a  given length category 
caught by one average uni t  of gear. One would expect i t  t o  be constant across 
a l l  length categories i f  the  gear were not se lect ive .  One can see f o r  the years 
1976 t o  1980 (Figure 15) t ha t  although the  curves d i f f e r  in height, t h e i r  shape 
i s  essen t ia l ly  the  same and average 1  ength di f fered 1  i t t l e  between years (Table 
16) .  I t  appears t ha t  1  i t t l e  se lect ion by s ize  occurs over the  range 440-600 mm 
as  demonstrated by the  f l a tne s s  of the  curves in t h i s  region. If the mean s i z e  
of sockeye salmon remains in the  h i s t o r i ca l l y  observed range, s i z e  may not 
a f f ec t  catchabi 1  i  ty. 

Curves of exploi ta t ion by length category ( E ~ )  were a l so  derived as  a  r e l a t i ve  
means of viewing s e l ec t i v i t y  curves (Figure 16) .  Here percent exploitat ion rep- 
resents the  f ract ion of t o t a l  r u n  in each length category which i s  caught. The 
curves d i f f e r  in height because of d i f t e r en t  t o t a l  exploitat ion between years 
and again d i f f e r  very l i t t l e  i n  shape. There appears to  be no displacement of 
the average sized f i s h  in the catch from t h a t  of the  to ta l  r u n  (Table 16).  Thus, 
a s  long a s  average f i s h  s i ze  s tays  within the range observed here, ca tchab i l i ty  
may not vary with f i s h  s ize .  Data should be tes ted i n  subsequent years t o  see 
i f  f i s h  s i ze  describes variance in ca tchab i l i ty  a s  the dis t r ibut ion of s i z e  in 
the sockeye salmon population may change through time. Se lec t iv i ty  and length 
curves f o r  the  years 1972-1974, and not discussed in the  t e x t ,  can be found in 
Appendix B. 

Interpolation Function fo r  Estimating Escapement During Closed Periods 

Due t o  the s t ruc ture  of the normal f ishing period (9  a.m., Monday through 9  
a.m., Friday), there e x i s t s  a  closure t o  f ishing on Saturday and Sunday f o r  
which no estimate of escapement from CPUE can be made. For the  escapement 
estimation process to be complete, some means of in terpola t ing escapement of 
Saturday and Sunday from data of Friday and Monday were deemed necessary. 



SOCKEYE LENGTH ( M M )  

Figure 15. Selectivity curves for Togiak Bay sockeye salmon, 
1976-1980. Fish length is measured from mid-eye 
to fork of tail. Sufficient data were not 
available for 1977. 



Table  1 6 .  Length s t a t i s t i c s  from t h e  Togiak R i v e r  sockeye 
salmon r u n .  F i s h  have been measured from mid- 
e y e  t o  f o r k  of t a i l .  

Mean l e n g t h  (mm) based on AWL samples 
Year Catch Escapement T o t a l  r u n  

S u f f i c i e n t  d a t a  n o t  a v a i l a b l e  f o r  1977. 



SOCKEYE LENGTH ( M M )  

Figure 16. Exploitation by length curves for Togiak Bay sockeye 
salmon, 1976-1980. Fish length is measured from mid-eye 
to fork of tail. Sufficient data were not available 
for 1977. 



A re la t ionship  fo r  escapement during closed periods was sought from h is to r ica l  
data. A mu1 t i p l e  regression was conducted where the  dai ly  escapement during 
the closed period was the response variable and the  independent variables were 
dai ly  abundance, catch,  and escapement of the c loses t  day open to  f ishing.  I t  
was found t ha t  dai ly  escapement of the c loses t  day open t o  f ishing was the only 
s ign i f ican t  variable.  Thus, f o r  a weekend (2-day closure) or  3-day closure) a 
l i nea r  re la t ionship  incorporating escapement of the c loses t  f i shing day would 
estimate the  escapement of closed periods (Table 17).  If a 4-day closure 
occurs, a l inear  interpolation i s  suggested as a s ign i f ican t  regression could 
not be developed from h is to r ica l  data. In calcula t ing the regression equation 
h i s to r ica l  data were used such t ha t  the independent variables were assumed t o  
be measured without e r ro r  and the assumption of l inear  regression upheld. An 
additional assumption i s  embedded i n  t h i s  regression i n  t h a t  a constant lag time 
was used t o  determine which day's  escapement, a s  represented by tower counts, 
occurred on days closed t o  f ishing.  In contras t  f o r  i t s  use, in-season escape- 
ment during the c loses t  f i shing day i s  i t s e l f  an estimate w i t h  variance. Though 
i t  i s  s t i l l  appropriate to  use the re la t ionship ,  any confidence interval  will 
have a downwards bias i f  based only on the regression when viewing escapement 
a s  being measured without e r ro r .  

The large R 2  values and the appropriateness of the model becomes apparent i n  
viewing Saturday's escapement versus Friday's  (Figure 17) and Sunday's escape- 
ment versus Flonday's (Figure 18) w i t h  the resul t ing regression 1 ine. For a 
3-day closure,  the escapement of the  th i rd  day was found t o  best  estimate the 
unknown escapement of the second day (Figure 19) .  Here, the f i r s t  and t h i r d  
days' escapement would be t rea ted  a s  a Saturday o r  Sunday in t h e i r  respective 
equations. In summary, the re la t ionships  developed here (Table 17) would be 
used t o  estimate escapement during closed period of the Togiak Bay sockeye 
salmon season in accordance w i t h  the estimation from CPUE.  

Variance and 95 Percent Confidence Limits f o r  Daily Abundance and Escapement 
Estimates 

Given t h a t  da i ly  abundance i s  defined as in the model derivation and t ha t  catch- 
a b i l i t y  i s  a function of e f f o r t ,  a variance and 95% confidence l imi t s  can be 
calculated f o r  the escapement estimates. I n i t i a l l y ,  dai ly  abundance ( N ~ )  was 
estimated as: 

where ct = catch of day t 

ft 
= e f f o r t  of day t 

6 

qt 
= catchabi l i ty  estimated fo r  day t 

Thus, dai ly  abundance i s  a function of the  var iable ,  ca tchab i l i ty ,  which was 
estimated from a regression equation with e f f o r t  a s  the independent variable.  
The appropriate variance f o r  a predicted value of ca tchab i l i ty  (Qt) made on 
the  basis  of a regression equation i s :  



Table 1 7 .  R e l a t i o n s h i p s  developed t o  e s t i m a t e  escapement d u r i n g  c l o s e d  p e r i o d s .  

Equa t ion  n SD R 
2 

Usage f o r  escapements  o f  

Not a 
l e a s t  s q u a r e s  

e s t i m a t e  

- - 

y = Saturday  

x = F r i d a y  

y  = Sunday o r  1 day c l o s u r e  

x = Monday o r  f i r s t  day of 
f o l l o w i n g  f i s h i n g  p e r i o d  

y  = middle  day of  3-day c l o s u r e  

x = f o l l o w i n g  day 

i 
= 2nd o r  3rd day of a  4-day 

c l o s u r e  

- -- - 

where: n = sample s i z e .  
SD = s t a n d a r d  d e v i a t i o n .  2 

R = c o e f f i c i e n t  of d e t e r m i n a t i o n .  
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Figure 18. Relationship between Togiak River sockeye salmon 
escapement on the first day of the weekly fishing 
period, normally a Monday, and that of the last 
day of a closure, normally a Sunday. 



F i g u r e  19.  R e l a t i o n s h i p  between Togiak River  sockeye salmon 
escapement on t h e  t h i r d  day of a three-day c l o s u r e  
and t h a t  of t h e  second day of t h e  same c l o s u r e .  
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where : 

s 2 
= the  unexplained mean square of residual variat ion of regression 

9-f 

n = sample s i ze  of regression 

t 
= e f f o r t  level of day t f o r  Gt 

- 
f = average level of e f f o r t  f o r  regression data ( f e f s )  

I 

(Sokol and Rohlf 1969, p .  425). 

The variance of the  dai ly  abundance est imate [ ~ a r  ( N ~ ) ]  can be estimated using 
the del ta  method (as  discussed i n  Seber 1973, p .  7) as: 

For 95% confidence l im i t s  t o  be placed about the dai ly  abundance est imate,  i t  
must be noted t h a t  the est imate i s  a function of the reciprocal normally d i s t r i -  
buted variable of t he  regression fo r  catchabi l i ty .  Thus, estimates of dai ly  
abundance a r e  themselves not normally dis t r ibuted (DeLury 1951 ; Robson and 
Regier 1964) and confidence 1 imits a r e  best  derived from the 95% confidence 
interval  f o r  ca tchab i l i ty  (q) . Assuming i t  i s  asymptotically normal, the follow- 
ing probabil i ty (pr) statement i s  t rue  f o r  a 95% confidence in te rva l .  

( ct 
Where E (6,) = , the  bounds fo r  the  dai ly  abundance 

f, N& 

estimate become: 
c , 

here the  lower bound of dai ly  abundance [ N ~ ( L ) ]  i s  derived from the upper bound 
of dai ly  abundance and vice versa. 

The escapement estimates (E,) then become: 



thus: V ( N )  = V ( E )  and the confidence interval  becomes: 
t t 

) = (Eupper  t lNupper  t - C  t 

1 = (E lower  t ( N ~ o w e r  ) t - ct 

TOTAL R U N  ESTIMATION 

Background 

Fisheries biologis ts  and others of the f ishing industry have long noted the 
consistency through generations of the a r r iva l  by time in given runs of sockeye 
salmon (Thompson 1951 ; Royal 1953; Vaughan 1954; Kill ick 1955; G i  1 housen 1960; 
Smith 1964; Narver 1966; Bevan and Lechner 1970). I n i t i a l l y  there  evolved the 
concept of races,  each with spec i f ic  timing often not overlapping a s  between 
ear ly  and l a t e  runs t o  a given r iver .  Then the goal t o  allow escapement from 
a l l  races or  segments of the  r u n  a s  composed a s  dist inguishable o r  indist inguish 
able  races (Thompson 1951 ; Smith 1964) was proposed. In systems of mult iple 
races ,  the  entry  pattern a s  defined by the  timing and percentage a r r iva l  by 
date was used to  dist inguish between them as  necessary f o r  fu l f i l lment  of d i f -  
fe ren t ia l  harvest or escapement goal s .  

The timing of the  a r r iva l  of a race of salmon has been described a s  the "entry 
pattern" (Dahl berg 1968), "curves of avai labi l  i ty"  (Royal 1953), "pattern of 
departure" (Bevan 1962) o r  "time abundance curves" (Gil housen 1960). A1 1 have 
emphasized the  corre la t ion between date and the return of a ce r ta in  proportion 
of t o t a l  abundance of the y e a r ' s  run. Some have described t h i s  re la t ionship  of 
abundance versus time as  being bell-shaped although possibly varying s ign i f i -  
cantly from a normal curve (Royal 1953; Gil housen 1960). I t  was seen t ha t  cer-  
t a in  a t t r i b u t e s  of the time-abundance curves could vary yearly;  such a s  date of 
peak abundance; shape as  described by spread or  dispersion; degree of symmetry 
o r  skew present;  and presence o r  absence of bimodality. From the idea of the 
entry pattern being an iden t i f i ab le  a t t r i b u t e  of a race of sockeye salmon came 
the  proposition t h a t  i t  be used to estimate to ta l  run s i ze  in-season. 

A r e l a t i ve  measure was developed f o r  the entry pattern as  a h i s to r ica l  average 
curve of cumulative proportions of catch o r  t o t a l  r u n  t o  date. Total r u n  was 
then estimated t o  be the r a t i o  of catch plus escapement to  date over the  cumu- 
l a t i v e  proportion expected t o  date. Mundy (1 979) took t h i s  approach a step 
fu r ther  i n  modeling the migratory timing of sockeye salmon as  a random variable.  
Relative abundance was calculated a s  the dai ly  proportion of the to ta l  r u n  
observed by date. The random variable (T) was then associated w i t h  day of the  
r u n  in t h a t  i t  mapped a par t i cu la r  calendar date to  a day of the r u n  where i t s  
probabil i ty of occurrence was the proportion of abundance expected during t h a t  
interval  [f, ( t ) ] .  This function was found to conform t o  the c r i t e r i a  i n  one 
case of a d i sc re te  density function in t ha t  the function was non-negative f o r  
a l l  time in te rva l s  ( t ) ,  greater  than zero f o r  a f i n i t e  number of in te rva l s ,  
and when summed across tha t  time period, equaled one. I t  was termed a "migra- 
tory time-density function" in t ha t  the  random variable maps time t o  day of 



migration with the probabil i ty measure being the expected proportion of to ta l  
abundance. The d i s t r ibu t ion  function of the  random variable ( T )  then involves 
the cumulative proportion of to ta l  run expected t o  date [ F  ( t ) ] .  A migratory 
time density may be described in terms of a distance or continuous density 
function. Again, to ta l  r u n  i s  estimated on a given day of the  r u n  (t) as: 

Catch  + Escapement t o  Date 
T o t a l  Run = 

FT ( t )  

where : 

~ ~ ( t )  = the  probabil i ty of occurrence of T - < t ;  as  the expected cumula- 
t i v e  proportion of the  r u n  t o  date. 

In pract ice ,  the usefulness of the  approach in-season will  depend on the  consis- 
tency of the entry pattern such t ha t  the mean curve or  developed d i s t r ibu t ion  
will adequately describe a par t i cu la r  year. 

Appl ica t ion of Mi gratory Time-Densi t y  Functions i n  Salmon Management 

The sockeye salmon of the Skeena River, Br i t i sh  Columbia, Canada, afforded 
bial t e r s  and Buckingham (1 975) an entry pattern with which to  t e s t  t h i s  idea. 
A d i sc re te  function approach was taken i n  t ha t  a h i s to r ica l  average f o r  years 
1955-1973 was calculated from cumulative proportion returned t o  date. Data 
were averaged across calendar dates and no adjustment was made fo r  ea r ly  o r  
l a t e  runs. Total r u n  was estimated in-season a s  described previously. 

In con t ras t ,  Mundy (1 979) developed the  concept of a "migratory time-densi ty  
function",  using data from Alaska's Bristol  Bay sockeye salmon w i t h  in-season 
data col lect ion by the  Port Moller t e s t  f i shery.  The d i s t r ibu t ion  function 
was described by the inverted exponential model: 

~ ~ ( t )  = 1 / l1 + e x p  (- l a  + b t 1 ) I  

w i t h  proper bounds. Yet Mundy did not r ig id ly  s e t  his  function t o  s e r i a l  date. 
He allowed run i n i t i a t i o n  t o  vary yearly so as t o  best  match the shape of yearly 
entry  curves where day one was not f ixed t o  a calendar date.  Estimates of the 
coeff ic ients  ( a ,  b) were then calculated using nonlinear regression with real 
data. Again, t o t a l  abundance i s  estimated as  the r a t i o  of catch and escapement 
observed t o  date ( t ) ,  over ~ , ( t ) ,  the  cumulative proportion expected t o  date.  
In Cook I n l e t ,  Alaska, CPUE from a t e s t  f i shery (Waltemyer e t  a l .  in press)  
i s  again used t o  obtain information on run timing. Estimates of incoming r u n  
s i z e  a r e  estimated i n  conjunction w i t h  i t s  migratory time-density function using 
the same model as in Bristol  Bay. 

In contras t  in Nushagak Bay of Bristol  Bay, Alaska, information on r u n  timing 
and strength comes from the commercial f i shery (Hornberger and Mathisen 1980). 
Here a normal curve was f i t  to  the  proportion of catch plus escapement from 
h is to r ica l  data for  use as i t s  migratory time-density function. In addi t ion,  
a d i sc re te  view was taken in calcula t ing a migratory time-density function as  



a his tor ical  average by day of r u n .  As a r e s u l t ,  the his tor ical  average was 
the  preferred density used in-season. Again, date was coded and the  f i r s t  day 
of the run was allowed t o  vary in order t o  best match curves from years of 
d i f fe r ing  r u n  i n i t i a t i o n .  The concept of varying day one led t o  i t s  def ini -  
t ion here based on the a t t r i bu t e s  of the normal curve, in conjunction with 
in-season detection.  I t  was defined as  the  maximum of the second derivative 
of the normal d i s t r ibu t ion  which occurs when 4.18% of the r u n  i s  accounted 
fo r .  This i s  a point of maximum increase over t h i s  portion of the curve and 
would thus be helpful for  in-season detection of the defined r u n  i n i t i a t i o n .  
There a r i s e s  a d i f f i c u l t y  in the in-season detection of day one where run in i -  
t i a t i on  has been allowed to vary independently of calendar date,  instead of 
being dependent upon expected cumulative proportion. However, the dai ly  r a t e  
of change i n  catch plus escapement can be observed during the season and a 
maximum ear ly  in the season viewed a s  a rapid increase in catch and escapement 
i s  theorized to  be day one of the migration. Total r u n  s i z e  i s  estimated dur- 
ing the season s imilar  t o  Mundy (1979). 

Lastly, in Prince William Sound, Alaska (Roberson e t  a l .  1978), dai ly  escape- 
ment information was not available fo r  a l l  sockeye salmon systems such t ha t  a 
re la t ionship  was developed using catch data only. Cumulative catch by week i s  
computed and t o t a l  catch i s  then estimated a s  the r a t i o  of observed catch t o  
date over the expected proportion of t o t a l  catch. 

In summary, two approaches have been taken i n  developing a migratory time-density 
function. F i r s t ,  a continuous function ( l o g i s t i c  or normal) was f i t  t o  h i s to r i -  
cal data and used t o  calculated expected proportions by date (Mundy 1979; 
Waltemyer e t  a l .  in  press;  Hornberger and Mathisen 1980). Second, a d i sc re te  
function approach has been taken in which his tor ical  data i s  averaged across 
calendar date (Walters and Buckingham 1975), week (Roberson e t  a l .  1978), or  
day of the run (Hornberger and Mathisen 1980), f o r  use as the migratory time- 
density function i n  t o t a l  r u n  estimation. Those in Bristol  Bay have been success- 
ful  in tha t  the approaches a re  current ly  used during in-season management. 

Development of a Migratory Time-Density Function fo r  Togiak Bay Sockeye Salmon 

The Togiak Bay sockeye salmon f ishery has several elements in common w i t h  some 
of the areas of previous migratory time-density application.  I t  i s  a terminal 
area f ishery where sampling i s  done by the f ishing f l e e t  as  i n  Nushagak Bay. 
I t  a l so  occurs in an es tuar ine  environment where there may be delay before 
upstream migration, as  observed i n  the  Skeena River (Wal t e r s  and Buckingham 
1975). In both applications i t  was found t ha t  a h i s to r ic  average performed 
be t te r  than a par t i cu la r  function f i t  to  the  data.  

In the development and use of a migratory time-density function i n  t o t a l  r u n  
est imation,  two assumptions have been s t ressed.  Most important i s  the  assump- 
t ion t h a t  migratory behavior as the pattern of a r r iva l  and departure of the 
salmonid species of i n t e r e s t  i s  conserved across generations. Secondly, i t  
i s  assumed tha t  we a re  dealing w i t h  a s ingle  l i f e  history stage during which 
the f i s h  a r e  observed to  migrate in the same direct ion past  a given reference 
point. In application for  the Togiak River, the adul t  salmon a re  assumed t o  
be returning t o  t h e i r  place of b i r th .  They are  merely migrating through the 
f ishing grounds where they are being sampled by the  f ishery from which an e s t i -  



mate of da i ly  abundance i s  made (see above section on Proposed Model t o  
Estimate Daily Abundance). Any mill ing or delay of the f i s h  in the d i s t r i c t  
defined as  a re tent ion period greater  than 1 day would not f u l f i l l  the sec- 
ond assumption. The sockeye salmon then being sampled would not a l l  be 
ac t ively  migrating in  the same di rect ion.  In theory, t h i s  could be observed 
as  the occurrence of a dai ly  abundance on days with no f i sh ing  consis tent ly  
l e s s  than on days with f i sh ing .  Here, da i ly  abundance i s  observed as  catch 
plus escapement. I f  no mill ing occurred, escapement during closed periods 
would be expected t o  increase over days with f ishing by an amount s imi lar  t o  
t ha t  being caught. 

To i l l u s t r a t e  the  influence of a weekly f ishing pat tern  and a re tent ion per- 
iod greater  than 1 day, assume the  sockeye salmon enter  the Togiak D i s t r i c t  
following a normal d i s t r ibu t ion  w i t h  a mean of 13.5 and a variance of 32.82. 
A d i s t r ibu t ion  f i t  by Hornberger e t  a l .  (1979) t o  the 1979 sockeye salmon r u n  
in to  Nushagak Bay wi l l  be used f o r  a run of 100,000 sockeye salmon. Four 
a rb i t r a ry  mil l ing schemes were then assumed f o r  sockeye salmon before enter-  
ing the  Togiak River. The f i r s t  involved a d i s t r ibu t ion  of upriver departures 
where a l l  were avai lable  the f i r s t  day, a f t e r  which 20% escaped upriver;  60% 
a t  the end of the  second day, and the remaining the end of the t h i rd .  The 
second one involved a longer re tent ion period where 10% departed the end of 
the f i r s t  day, 20% the  second, and the remaining the end of the t h i rd .  The 
l a s t  two involve an exponential departure r a t e  e x p ( - a t )  where a l l  have escaped 
a t  the end of a 2- o r  4-day period,  accepting a 5% e r ro r  bound. The l i t e r a t u r e  
seems t o  support a negative exponenti a1 departure (Mat hi sen 1 969). Superim- 
posed on t h i s  estuary system i s  a 50% da i ly  exploi ta t ion r a t e  by a f i shery  
operating 5 days per week (Monday through Friday). Arrivals  a r e  assumed instan- 
taneous (Ricker 1975), occurring a t  the beginning of each day. As can be seen 
in  Figure 20, there  i s  a substant ia l  difference between the normal pat tern  of 
a r r iva l  and t h a t  created by adding catch plus escapement when the re tent ion per- 
iod i s  greater  than 1 day. There e x i s t s  a "building up" of f i s h  through the 
weekend closure resu l t ing  in large catches and thus a large da i ly  abundance 
being assigned t o  Monday. The resu l t ing  entry  pat tern  from catch plus escape- 
ment i s  s ine-soidal  w i t h  troughs created during closed periods. 

In te res t ing ly ,  the  ent ry  pat tern  created by catch plus escapement f o r  Togiak 
Bay sockeye salmon i s  just such a sinuate curve where troughs occur during 
closed periods (Figures 21 t o  24). These curves not presented in the t ex t  
can be found in Appendix C .  The en t ry  pat terns  were reconstructed as  the 
dai ly  abundances (see above section on Proposed Model t o  Estimate Daily Abun- 
dance) calculated in the lag time analysis  and converted t o  dai ly  proportions 
of t o t a l  f o r  a r e l a t i ve  measure. This sinuate pat tern  most l ike ly  indicates  
a re tent ion period greater  than 1 day. Yet one cannot in fe r  from the i l l u s -  
t r a t i on  the actual pattern of a r r iva l  t o  be normal o r  the pa r t i cu la r  mechanics 
of the mill ing behavior. Ju s t  as a change in the  average s tay  of sockeye s a l -  
mon changed the  entry  pat tern  calculated from catch plus escapement so would 
a change in e i t h e r  the pat tern  of f i sh ing  periods or the a r r iva l  d i s t r ibu t ion .  
The en t ry  pat terns  can be grouped by the f i sh ing  pat terns  t h a t  influenced them. 
Most common i s  the pattern of 4 week-long f i sh ing  periods with weekend closures 
(Figures 21 and 22). This presents the sinuate ent ry  pattern as previously 
discussed. A second b u t  l e s s  common occurrence i s  t ha t  of continuous f i sh ing  
(1980 in Figure 23) o r  of a prolonged closure (1972 in Figure 24). Here one 



Figure 20. Comparison of t h e  normal p a t t e r n  o f  a r r i v a l  ( l i n e )  and t h e  
e n t r y  p a t t e r n  (dashed) r e c r e a t e d  by add ing  c a t c h  p l u s  
escapement of a  sockeye salmon p o p u l a t i o n  w i t h  f o u r  
t h e o r i z e d  p a t t e r n s  of d e p a r t u r e  and a  f ive-day f i s h i n g  
p e r i o d  : 
A: Exponen t ia l  d e p a r t u r e  where a l l  have d e p a r t e d  i n  

two days .  
B:  Exponen t ia l  d e p a r t u r e  where a l l  have d e p a r t e d  i n  

f o u r  days .  
C:  Depar tu re  p a t t e r n ,  20% t h e  f i r s t ,  60% t h e  second,  

and 20% t h e  t h i r d  day.  
D :  Depar tu re  p a t t e r n ,  10% t h e  f i r s t ,  20% t h e  second,  

and 70% t h e  t h i r d  day.  
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Figure21. Cumulative (top) and daily (bottom) proportion 
curves for the Togiak Bay sockeye salmon run of 
1978, (...) represents periods closed to fishing. 
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Figure 22. Cumulative (top) and daily (bottom) proportion 
curves for the Togiak Bay sockeye salmon run of 
1979, (...) represents periods closed to fishing. 
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F igure 23 .  Cumulative ( t op )  and d a i l y  (bottom) propor t ion  
curves  f o r  t h e  Togiak Bay sockeye salmon run  of 
1980, (...) r e p r e s e n t s  per iod  closed t o  f i s h i n g .  
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Figure 24. Cumulative (top) and daily (bottom) proportion 
curves for the Togiak Bay sockeye salmon run of 
1972, (...) represents periods closed to fishing. 



most l ike ly  sees a more t rue  picture of the pattern of a r r iva l  and departure. 
The ideal s i tua t ion  t o  best view the  pattern of a r r iva l  would be generated by 
a season of continuous f i sh ing  with constant e f f o r t  or  no f ishing a t  a l l  given 
a t rue  functional understanding of travel  times. The entry  pattern as  defined 
in Togiak thus becomes a function of the  f i sh ing  periods, the a r r i v a l ,  and the  
departure d i s t r ibu t ion .  The a r r iva l  d is t r ibut ion will d i c t a t e  run i n i t i a t i o n ,  
length, and overall  shape. The departure d i s t r ibu t ion  then i n t e r ac t s  w i t h  the 
pattern of the f ishing periods t o  create  troughs during closed periods and 
spikes on Mondays. How consistent  these are  will a f f ec t  the  consistency of 
the  entry  pattern necessary fo r  development of a migratory time-densi t y  func- 
t ion useful in t o t a l  r u n  estimation. 

A migratory time-density function fo r  Togiak Bay sockeye salmon was viewed i n  
the  d i sc re te  case in t h a t  time could take on only non-negative integer values. 
Thus, a continuous function was not f i t  t o  h i s t o r i c  data ,  b u t  ra ther  a h i s to r i -  
cal average across time was developed. To minimize the  difference between 
yearly curves, i t  was noted t ha t  date of r u n  i n i t i a t i o n  di f fered by greater  
than 1 week. Therefore, the average was not made across calendar date but 
ra ther  by day of r u n .  The dates of a season's  entry  pattern were then coded 
where day one occurred when as close t o  4% of the r u n  had been accounted fo r .  
This allowed fo r  the truncation of the  leading t a i l  of the d i s t r ibu t ion  of 
quite var iable  length. In addi t ion,  the 4% mark often coincided with the maxi- 
m u m  r a t e  of increase in dai ly  abundance. Thus allowing r u n  i n i t i a t i o n  t o  vary 
as  day one of the run enables the model t o  incorporate environmental conditions 
a s  i t  influences timing (Burgner 1978). 

An average migratory time-density function was then calculated as  the h i s to r i -  
cal average fo r  1967 t o  1980 (Table 18 and Figure 25) .  Day one ranged from 
23 June 1968 t o  3 July 1971. The entry  pattern of 1972 was not incorporated 
because t h i s  year was an anomaly in t ha t  i t  lasted 22 days, was extremely small,  
and no f i sh ing  was allowed a f t e r  7 July;  great ly  affect ing i t s  apparent entry 
pattern.  Table 19 presents each season's  (j) mean and variance where the mean 
i s  calculated a s :  

where : 

ti j 
= the ith day of year j of length n; 

f ( t .  .) = proportion of the y e a r ' s  (j) t o t a l  r u n  observed on day i (t. .) 
13 11 

The variance of year j becomes: 

To evaluate the s t a b i l i t y  of the entry  pattern through time in re la t ion  t o  the 
h i s to r ic  average, three levels  of each were plotted (Figure 26). By defining 
day one a s  the 4% leve l ,  the  10% level i s  quite s tab le  through time. Yet days 



Table 18. Cumulative proportion by day of run for Togiak Bay sockeye salmon 1967 to 1980. 
The resulting mean is the migratory time-density schedule for use in total run 
estimation. 

Standard 
Day 1967 1968 1969 1971 1973 1974 1975 1976 1977 1978 1979 1980 Mean deviation 
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Figure 25. Cumulative (top) and daily (bottom) proportion 
curves for the historical mean entry pattern of 
Togiak Bay sockeye salmon run. 



Table  19.  S t a t i s t i c s  of t h e  r e l a t i v e  p r o p o r t i o n  
c u r v e s  of d a i l y  abundance f o r  t h e  
Togiak Bay sockeye salmon r u n ,  1967 
t o  1980. 

Date  
Year Mean of mean SD' Var iance 

'SD = s t a n d a r d  d e v i a t i o n .  

' ~ i s t o r i c  average  i n c l u d e s  d a t a  from 1972. 
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Figure 26 .  Comparison of three levels of the cumulative proportion 
curves for the Togiak Bay sockeye salmon run, 1967-1980. 



of the 50% and 90% levels occur with increased var iab i l i ty .  Overall, the 
system i s  stable through 1977 with some trending toward a l a t e r  mid-point 
(50%) in 1978-1 980. Thus, the his tor ic  average cumulative proportion curve 
can be viewed in relation to  the departure of a l l  other years from the aver- 
age (Figure 2 7 ) .  

A c r i t i c a l  point in the in-season application of a migratory time-density 
function i s  the detection of day one of the run. I n i t i a l l y ,  i t  was defined 
as the point where 4% of the run i s  accounted for .  This also coincides with 
the maximum ra te  of increase early in the season. Criteria were then devel- 
oped for  the in-season choice of day one which most closely matches tha t  of 
post-season analysis. 

Foremost, day one i s  detected as the maximum r i s e  in catch per landing during 
the period 15 June-4 July. The r i s e  becomes the difference between 2 days 
C P U E  [CPUE of day (i) - C P U E  of day (i-I)]. The difference for  the f i r s t  day 
a f t e r  a closed period (say for Monday) becomes the difference between tha t  and 
the l a s t  day of the previous fishing period. Secondly, because one doesn't 
want t o  wait until July 4th,  his tor ical ly ,  a good guideline has been shown to  be 
3.6% of forecast catch. The value 3.6% i s  the proportion for  the historical day 
one (Table 18). This minimizes the tendency to s t a r t  too early with a fa l se  
r i s e .  The 3.6% of forecast catch also distinguishes l a t e r  r i ses  where a sub- 
s tant ia l  catch has been made. This has worked even in 1978 where forecast was 
60% low and in 1969 where forecast was high by 48%. I t  will not work in years 
with price disputes where CPUE alone re f lec ts  r u n  s ize .  Results of choice of 
day one from historical data based on the above c r i t e r i a  (Table 20) were always 
less  than 2 days from the choice of post-season analysis. An error  of greater 
than 1 day occurred when day one arose during a closed period for which l i t t l e  
can be done with catch data alone. 

I n  summary, the average migratory time-densi ty function (1 967-1 980) would be 
used in-season where total  r u n  would be estimated as the r a t io  of observed 
cumulative abundance to  proportion expected. Total run estimates would be 
made daily and then averaged across time for  documentation as total  r u n  e s t i -  
mates on a schedule sat isfactory to  the management agency. The unweighted 
average across time i s  proposed to  balance the influence of several factors.  
I n i t i a l l y ,  i t  was observed that  the variance of a day's expected cumulative 
proportion from the his tor ic  migratory time-density function increases through 
the eighth day of the run (Table 18) .  In contrast ,  the variance of a total  run 
estimate incorporates the reciprocal of the expected cumulative proportion to  
date which decreases with day of run (see page 78). Finally, i t  i s  a s t a t i s t i -  
cal fac t  that  the variance of a mean i s  less  than the variances of the indepen- 
dent and identically distributed random variables on which i t  i s  based. Here 
we will assume independent estimates where the variances can be summed. In 
analysis involving historical data an average across time best estimated total  
run s ize.  

Variance for  the Total Run Estimate 

After estimation of total  run s ize  based on the migratory time-density function, 
a variance for  the estimate can be calculated in two si tuations.  In the f i r s t  
si tuation where total  run size (N,) i s  a function of only one variable [ ~ ~ ( t ) l ,  
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F i g u r e  27.  Cumulative p r o p o r t i o n  c u r v e s  of t h e  
h i s t o r i c a l  mean and t h e  y e a r s  1967- 
1980 of t h e  Togiak Bay sockeye salmon 
run .  



Table 20. Comparison of the choice of day one of the Togiak Bay sockeye 
salmon run using inseason criteria versus that resulting from 
post-season analysis. 

Post season 
Year analysis 

In-season detection Difference 
by defined criteria in days 

Mon . 
Sat.  

Thur s 

FrJ: 

Mon. 

Sat. 

Tues. 

Sun. 

Sat .  

Sun. 

Sun. 

Wed. 

Tues. 

Mon . 
Wed. 

F r i .  

Tues. 

Tues. 

Tues. 

Mon . 
Mon . 
Mon. 

Man. 

Wed. 



the expected proportion t o  date. The variance of t o t a l  r u n  s i z e  f o r  t h i s  model 
was developed by Dr. D.J. Bigelow fo r  Walters and Buckingham (1975) with 

where N~ = cumulative r u n  t o  date ( t ) ,  as  

N 
2 

V ( N  ) = 
t 

T 4 1 + 2 V L F T ( t )  1 
[FT (t) I 

2 
[FT (t) I 1 -  

In Togiak t h i s  would occur when t o t a l  r u n  t o  date was composed of catch and 
lagged tower counts of escapement. In addi t ion,  a second s i tua t ion  occurs in 
the Togiak f i shery  model where the t o t a l  r u n  est imate i s  a function of two 
var iables .  Here the second var iable  i s  the cumulative run to  date ( N ~ )  which 
i s  now catch plus estimated escapement. Thus, using the de l t a  method with an 
assumed zero covariance between the two var iables :  

the variance f o r  t o t a l  run t o  date  becomes the sum of the variances of da i ly  
abundance as described in  the above section on a Proposed Model t o  Estimate 
Daily Abundance. 

THE TOGIAK FISHERY MODEL 

The object ives  of the Togiak f i shery  model were t o  estimate da i ly  escapement and 
t o t a l  r u n  s i ze  in-season f o r  Togiak River sockeye salmon. Given t h a t  a system 
i s  managed f o r  an escapement goal , here of 100,000 sockeye salmon, f i she r i e s  
b iologis ts  need r e l i a b l e ,  up-to-date information on the s t a t u s  of i t s  f u l f i l l -  
ment. In Togiak, counting towers a r e  located upriver an average of 11 day's  
t ravel  time f o r  f i s h  leaving the bay. In-season est imates of escapement have 
been comprised of the cumulative tower counts and an est imate of f i s h  i n  the  
r i ve r  below the towers based on ae r i a l  surveys. A system of t h i s  s i z e  has not 
warranted a t e s t  f i shery  so an a l t e rna t i ve ,  or ve r i f i c a t i on ,  of the ae r i a l  survey 
- tower count combination was proposed instead.  In Togiak, the extended f i sh ing  
periods afforded the use of C P U E  t o  est imate dai ly  escapement. In addi t ion,  
f i shery  managers seek ver i f i ca t ion  of the forecas t  ea r ly  enough in the season 
so t ha t  any s ign i f i can t  divergence can be compensated fo r  in a l t e r i ng  f i sh ing  
time t o  ensure fu l f i l lment  of the escapement goal. In response, t o t a l  r u n  s i z e  
was t o  be estimated throughout the season using a migratory time-density func- 
t ion.  



Daily escapement was estimated from CPUE during the f ishing periods a s  dis-  
cussed under the section on model derivation.  The ca tchab i l i ty  coef f i c ien t  
then becomes a  function of e f f o r t  as demonstrated in the investigation i n to  
variance components of catchabi 1  i  t y  (see page 30). During days closed t o  
f i sh ing ,  typ ica l ly  the weekend, an in terpola t ion function was used (see  page 
51 ) . Therefore, Saturday's  escapement w i  11 be estimated from Friday's  and 
Sunday's from Saturday's .  

A migratory time-density function wi l l  be used in conjunction with the cumu- 
l a t i v e  abundance t o  date f o r  t o t a l  r u n  estimation (see  above section on Total 
Run Estimation). A d i sc re te  density approach was used in t h a t  a  h i s t o r i c  
average over the years 1967-1980 (Table 18) was developed. The r u n  was defined 
t o  begin when 3.6% of the t o t a l  abundance i s  accounted f o r ,  based on the devel- 
opment of h i s t o r i c  runs from catch plus escapement. In-season day one i s  
detected from change in CPUE and the level of catch. The r u n  t o  date i s  then 
accumulated over the  time f o r  which f i s h  a r e  observed by the counting towers 
w i t h  an appropriate lag  and representing an average 3.6%. For i l l u s t r a t i o n ,  
assume day one was determined t o  be 25 June based on catch and e f f o r t  data.  
Following t h a t ,  f i s h  were f i r s t  observed passing the tower 30 June b u t  under a  
thousand per day. On 5 July several thousand passed and by 7  July i t  became 
apparent t ha t  the r u n  had begun passing the tower with a  10-day lag. One could 
then assume the f i s h  passing the  towers 30 July t o  5  July were present in Togiak 
Bay 20 t o  25 June. Catch would then be accumulated over t h a t  period with the 
appropriately lagged escapement f o r  a  r u n  t o  date f o r  day one of 25 June. Yet 
one does not want t o  wait unt i l  7 July t o  begin t o t a l  run estimation as dai ly  
abundance i s  avai lable  from CPUE data a f t e r  25 June. An a l t e rna t i ve  migratory 
time-density function was developed f o r  use a f t e r  day one has been defined, 
unt i l  such time t ha t  tower counts become avai lable  with an estimated lag  time. 
Here, there  has not been an accumulation over past  catches but r a t he r ,  accumu- 
l a t ion  begins on day one (Table 21). Again, i t  i s  a  d i sc re te  density as  an 
average across day of the run (1967-1980). Note, day one now occurs when 2% 
of the r u n  i s  expected b u t  otherwise pa r a l l e l s  the unadjusted h i s t o r i c  average. 
Total r u n  s i z e  i s  thus calculated each day as r u n  t o  date over expected propor- 
t ion based on the appropriate migratory time-density schedule. Total r u n  e s t i -  
mates were made avai lable  t o  f i she r i e s  b io log i s t s  a s  the averages across time 
t o  points  along the  r u n  (10, 25, 50, 75%). 

In-season the information flow will  follow closely  t ha t  of Figure 28. Beginning 
mid-June t o t a l  catch and the number of landinqs wil l  be col lec ted dai ly  via 
radio by the ADF&G sampler stat ioned a t  Togiak Cannery. The data wil l  then be 
compiled and radioed t o  the  area management b iologis t  in Dillingham. A CPUE 
wil l  be calculated as  catch per dai ly  landing from these data.  I n i t i a l l y  the 
dai ly  change in  CPUE wil l  be monitored f o r  detection of day one in l a t e  June. 
Upon detect ion,  estimation of dai ly  abundance, escapement, and t o t a l  run s i z e  
wil l  begin. Thereafter ,  upon reception of the day 's  catch and e f f o r t  s t a t i s -  
t i c s ,  ca tchab i l i ty  (q) will  be calculated as  a  function of e f f o r t .  Three 
functions r e l a t i ng  ca tchab i l i ty  t o  e f f o r t  by week a re  being evaluated the f i r s t  
season; those being a  l i nea r  model (Table 22) ,  a  power curve model (Table 23) 
and an exponential model (Table 24).  Daily abundance ( N ~ )  i s  then calculated 
from the  C P U E  and ca tchab i l i ty  est imate and i s  reported as  a  dai ly  and cumula- 
t i v e  est imate.  Lastly,  escapement ( E )  becomes the difference between dai ly  
abundance and catch. I t  i s  a l so  reported as a  dai ly  and cumulative est imate 



Table 21. Adjusted migratory time-density 
function for Togiak Bay sockeye 
salmon based on data of 1967 to 
1980. 

Expected 
Day of cumulative Standard 
run proportion deviation 



TOGIAK BAY SOCKEYE ESTIMATION PROCESS 

EFFORT 
c L o s m  
P E R I M  

I RUN EXPECTED I I I ' "" 

TOTAL M I L Y  AIO C U U U T I V E  M h Y  C W I v E  
RUN S I Z E  A 8 W M K E  ESCAPDlEWT 

F i g u r e  28. I n f o r m a t i o n  f low f o r  t h e  Togiak Bay sockeye salmon model. 



Table  22. S t a t i s t i c s  of t h e  l i n e a r  model f o r  d a i l y  c a t c h a b i l i t y  (q )  as a  f u n c t i o n  of e f f o r t  ( f )  
f o r  t h e  Togiak Bay sockeye salmon f i s h e r y .  

Regression equation: 4 = a + bf 

Parameter estimates 

A E R~ SD n Period of validity 

9.619 x -3.514 x 0.67 18 First weekly fishing period 
which includes day 1 of run 

1.382 x -6.190 x 0.75 1.65 x 2 2 Second week 

1.397 x lo-' -5.396 x loV5 0.79 1.54 x lod3 2 6 Third week 

1.394 x lo-' -5.597 0.82 1.23 x 25 Fourth week and thereafter 

Where : q = Catchability coefficient 

f = Effort in landings per day 

a,b = Model coefficients 

R~ = Coefficient of determination 

SD= Standard deviation 

n = Sample size 



Table 23. Statistics of the power curve model for daily catchability (q) as a function of 
effort (f) for the Togiak Bay sockeyesalmon fishery. 

---- 
Regression equation: q = afb 

Parameter estimates 

A B R~ n 1 Period of validity 

First weekly fishing period 
which includes day 1 of run 

Second week 

1.744 x 10-I -6.946 x 10-I 0.83 26 Third week 

2.026 x lo-' -7.211 x 10-I 0.80 25 Fourth week and thereafter 

Where : q = Catchability coefficient 

f = Effort in landings per day 
a,b = Model coefficients 

R~ = Coefficient of determination 
n = Sample size 

1 Standard deviation is not presented as data were transformed for a linear regression. 
2 

2 A SPSS NON-LINEAR program was used in Chapter 2 thus R values may differ. 



Table 24. Statistics of the negative exponential model for daily catchability (q) as a function 
of effort (f) for the Togiak Bay sockeye salmon fishery. 

Regression equation: q = a exp(bf) 

Parameter estimates 

A B R~ n 1 Period of validity 

First weekly fishing period 
which includes day 1 of run 

Second week 

Third week 

Fourth week and thereafter 

Where : q = Catchability coefficient 

f = Effort in landings per day 
a,b = Model coefficients 
R2 = Coefficient of determination 
n = Sample size 

1 Standard deviation is not presented as data were transformed for a linear regression. 

2 A SPSS NON-LINEAR program was used in Chapter 2 thus R2 values may differ. 



fo r  use by managers t o  judge fu l f i l lment  of the escapement goal. During 
closed periods an in terpola t ion function wi l l  be used t o  est imate dai ly  
escapement and abundance where in t h i s  instance the  two a r e  equal. 

In addition t o  escapement est imation,  cumulative abundance wi l l  be used w i t h  
the appropriate migratory time-density function t o  est imate t o t a l  r u n  s i z e  
each day. These est imates wi l l  be averaged across time with a resu l t ing  e s t i -  
mate documented on days 3, 7 ,  11 , and 17 of the r u n  when 10, 25, 50, and 75% 
of the t o t a l  i s  accounted fo r .  As tower counts with an appropriate lag  time 
become avai lable  these wil l  replace the estimated escapement i n  the accumula- 
t i v e  r u n  t o  date thus eliminating a variance component in the t o t a l  r u n  e s t i -  
mate, and the t o t a l  r u n  s i ze  wil l  again be estimated f o r  days 3, 7,  and 11 of 
the r u n .  

IN-SEASON USE O F  THE TOGIAK FISHERY MODEL 

Escapement Estimation 

In the 1981 season, use of the Togiak f i shery  model began w i t h  the detection 
of day one of the r u n .  Daily col lec t ion of data in Togiak began on 22 June 
allowing the monitoring of the change i n  C P U E  (Table 25). The forecas t  was 
fo r  a harvest of 547,000 sockeye salmon. This meant day one representing 3.6% 
of the run would have a cumulative catch of 20,000 sockeye salmon forming one 
c r i t e r i on  fo r  choice of run i n i t i a t i o n .  Another c r i t e r i on  f o r  day one i s  t h a t  
i t  have the maximum da i ly  change i n  catch per landing ( C P U E )  f o r  the period 15 
June t o  4 July.  One July resul ted  i n  the  maximum change in CPUE (Table 25) ,  
b u t  cumulative catch a t  tha t  point  was 39,336, almost double the forecas t  of 
20,000 f o r  day one. The next l a rges t  change in C P U E  occurring p r io r  t o  t h a t  
was on 30 June with a cumulative catch much c loser  t o  forecas t  (25,454). Thus, 
day one was defined t o  be 30 June unt i l  tower counts could provide addit ional  
information. Escapement estimation began f o r  the f i r s t  week's f i shing period 
on 29 June. The 1981 r u n  appeared l a t e  when compared with the  h i s to r ica l  (1967- 
1980) average run i n i t i a t i o n  of 27 June. 

Fish were f i r s t  sighted passing the counting towers on 4 July with the subse- 
quent 24-hour count beginning t h a t  noon. Soon there  appeared t o  be a 10 or 11 
day l ag ,  both of which were used fo r  in-season documentation. In viewing the 
season 's  dai ly  and cumulative escapement est imates (Table 26 and 27) i t  becomes 
apparent t h a t  the  models describing ca tchab i l i ty  a s  a function of e f f o r t  behaved 
qu i te  d i f fe ren t ly .  The l inear  re la t ionship  was not useful ,  especia l ly  in the 
extrapolat ion necessary fo r  the large level of e f f o r t  observed in 1981 beyond 
t ha t  on which the  regression was based. The exponential model had a lower over- 
a l l  percent e r ro r  i n  r e l a t i on  t o  the  tower counts b u t  again i t s  behavior in the 
t a i l  was not sa t i s fac to ry  fo r  large e f f o r t .  As found in i t s  development (see 
above Proposed Model t o  Estimate Daily Abudance), the power curve had the over- 
a l l  best f i t  and was the  preferred model whose est imates were subsequently 
reported t o  the management b iologis t .  When comparing tower counts in the time 
period f o r  which escapement est imates a r e  ava i l ab le ,  the percent e r ro r  with 
the power curve model was 2% and when adding escapement p r io r  to  29 June the  
difference becomes 11.6%. After 1 Ju ly ,  the percent e r r o r  in the  cumulative 



Table 25 .  Catch and e f f o r t  s t a t i s t i c s  f o r  t h e  1981  Togiak 
River sockeyesalmon run. 

Sockeye Change Cumulative 
Date ca t ch  Landings CPUE i n  CPUE ca t ch  

24 5  23 

2,949 1 7 1  

3,746 1 1 9  

4,053 142 

3 ,694 12  7  

Closed t o  f i s h i n g  
I 1  11 I 1  11 

1 , 3 6 3  45 

8 ,245 165 

13 ,882 169 

12 ,983 15  6  

8 ,526 102 

Closed t o  f i s h i n g  



Table 26. Comparison of daily escapement of the Togiak River sockeye salmon run from tower 
counts and estimates using CPUE of the commercial fishery with three dif- 
ferent relationships. An 11 day lag is assumed. 

Date Daily Escapement estimated from CPUE 
Date of pass tower Linear % Exponential % Power curve % 

escapement towers counts model error model error model error 

6/23 7/04 786 
24 05 684 
25 06 1,776 
2 6 0 7 3,276 
2 7 08 8,376 
28 09 12,756 
2 9 10 9,342 2,405 -74 2,202 -76 1,585 -8 3 
30 11 6,456 4,833 -25 4,946 -2 3 4,640 -28 

7/01 12 6,060 8,437 39 8,393 3 9 7,683 27 
02 13 4,338 7,133 64 7,695 77 7,593 75 
03 14 5,010 5,325 6 5,914 18 6,502 30 
04 15 5,202 4,959 '5 5,431 4 5,902 13 
05 16 7,824 5,232 -33 7,671 - 2 9,904 27 
06 17 13,044 4,689 -64 6,744 -4 8 8,624 -34 
07 18 12,378 936,548 7466 26,148 111 12,340 0 
08 19 7,920 25,877 227 15,039 90 11,238 4 2 
09 20 6,018 17,814 196 13,576 126 11,496 91 
10 21 7,374 12,437 69 13,062 77 13,137 7 8 
11 22 7,038 29,344 317 17,913 155 13,673 94 
12 2 3 8,358 8,830 6 8,469 1 7,890 - 6 
13 24 8,100 4,493 -45 6,373 -21 9,577 18 
14 25 7,872 14,388 83 10,019 27 5,844 -26 
15 26 10,080 11,710 16 9,310 - 8 6,144 -39 
16 27 7,704 16,239 111 8,428 9 3,704 -5 2 
17 28 5,418 4,697 -13 4,651 -14 3,729 -31 
18 2 9 7,854 18,760 139 8,235 5 3,083 -61 
19 30 6,048 6,558 8 7,339 2 1 6,807 13 
20 31 5,928 3,628 -39 5,930 0 7,048 19 
21 8/01 6,780 6,964 3 5,596 -1 7 3,916 -4 2 
22 02 2,952 31,025 951 9,867 2 34 3,234 10 
2 3 0 3 2,040 105,458 5069 12,967 536 2,413 18 
24 04 2,112 3,750 78 3,711 7 6 3,035 4 4 
2 5 05 1,176 1,782 I;p 2,633 3,151 

6 

11 Counting at towers ended at 6:00 AM and thus not comparable with escapement estimated from CPUE. -. 



Table 27 .  Comparison of cumulative escapements of t h e  Togiak River  sockeye salmon run  from 
tower counts  and e s t ima te s  using CPUE of t h e  commercial f i s h e r y  w i t h  t h r e e  
d i f f e r e n t  r e l a t i o n s h i p s .  An 11 day l a g  i s  assumed. 

Date Daily Escapement estimated from CPUE 
Date of pass tower Linear % Exponential % Power curve X 

escapement towers counts model error model error model error 

29 1 0  9,3421 2,405 -74 2,202 -76 1 , 5 8 5  -83 
30 11 15 ,798  7,238 -54 7 ,148  -55 6 ,225  -61  

7 / 0 1  1 2  21,858 15 ,675  -28 15 ,541  -29 13 ,908  -36 
0 2 1 3  26,196 22 ,809  -13 23,236 -11 21,502 -18 
0 3  1 4  31,206 28,134 -10 29,151 - 7 28,004 -1 0 
04  1 5  36,408 33,093 - 9 34,581 - 5 33,906 - 7 
05 1 6  44,232 38,324 -13 42,252 - 4 43,809 - 1 
06 1 7  57,276 43,013 -25 48,996 -14 52,433 - 8 
07 1 8  69,654 979,561 1306 75,144 8 64,773 - 7 
08 1 9  77,574 1,005,438 1196 90,182 1 6  76 ,011  - 2 
09 2 0 83,592 1 ,023 ,252  1124  103,758 24 87,507 5 
1 0  2 1 90,966 1 ,035 ,689  1039  116 ,820  2 8 100 ,644  11 
11 2 2 98,004 1 ,065 ,033  987 134 ,733  3 7 114 ,317  1 7  
1 2  23  106,362 1 ,073 ,863  309 143 ,202  35 122,207 15 
1 3  24 114,462 1,078,356 842 149,575 31  131,784 15  
14  25 122,334 1 ,092 ,744  793 159,594 30 137,628 1 3  
15 26 132,414 1 ,104 ,454  734 168,904 28 143,772 9 
1 6  27 140,118 1 ,120 ,693  700 177,332 2 7 147,476 5 
1 7  28  145 ,536  1 ,125 ,390  , 6 7 3  181,983 25 151,205 4 
1 8  29 153,390 1 ,144 ,149  646 190,218 24 154 ,288  1 
1 9  30  159,438 1,150,708 622 197,557 24 161,095 1 
2 0 31  165,366 1 ,154 ,336  598 203,487 23 168 ,144  2 
2 1  8 / 0 1  172 ,146  1 ,161 ,300  575 209,083 2 1 172 ,060  0 
22 0 2  175 ,098  1,192,325 5 8 1  218,950 25 175,294 0 
2 3 0 3  177,138 1 ,297 ,784  633 231,917 31 177,707 0 
24 04  179,250 1 ,301 ,534  626 235,628 31  180 ,742  1 
25 05 180,426 1,303,315 622 238,261 32 183,893 2 

F INAL  
COUNT 2 0 8 , 0 8 0 ~  1,303,315 526 238 ,261  1 5  183 ,893  -1 2 -- --- -- --- - 

1 Does not include tower counts from July 4 to 9 for which there was no estimate of 
escapement from CPUE due to tail truncation and the closed period of 6 / 2 7  -28 with 
resulting tower counts on 718-9.  

2 Includes the 27 ,654  sockeye for which no estimates from CPUE were made as indicated 
in 1 / .  



escapement est imates based on the power curve were l e s s  than 18% though the 
e r ro r  in the dai ly  est imates was as  great  a s  94%. All subsequent analys is  or  
reference t o  est imates from C P U E  wil l  r e f e r  t o  those of the power curve model 
(Table 28) unless otherwise speci f i ed .  

When escapement est imates a r e  p lot ted  with tower counts lagged back t o  the date 
of t h e i r  probable departure from the bay (Figure 29) ,  the cumulative estimates 
follow the tower counts qu i te  c losely .  In con t ras t ,  the dai ly  est imates d i f fered 
subs tan t ia l ly  a t  times from the tower counts. Confidence l imi t s  a t  the  95% level  
were calculated about dai ly  abundance and escapement est imates (Table 29)  f o r  an 
idea of the  variabi  1 i ty .  Due t o  the  nature of the abundance est imate the con- 
fidence l imi t s  a r e  not symmetrical (see  above Proposed Model t o  Estimate Daily 
Abundance). In addi t ion,  a1 1 variabi  1 i t y  i s  then t ransferred t o  the escapement 
est imate,  f o r  none i s  associated with the catch. 

Techniques used in model development were again used i n  the post-season analys is  
of the 1981 da i ly  abundance and escapement est imates.  Ultimately 1981 data 
would be incorporated in to  the h i s to r ica l  data base and new ca tchab i l i ty  re la -  
t ionships developed fo r  use i n  1982. The minimization of the variance in catch- 
a b i l i t y  was used as the c r i t e r i on  f o r  the choice of a lag time (see above Model 
t o  Estimate Daily Abundance). This resul ted  in an ll-day lag  f o r  1981. Again, 
a p lo t  of the proportioned escapement curve (tower counts) ,  catch curve, and 
C P U E  curve (Figure 30) showed a range of 9 t o  7 days between the 10% level of 
the  adjusted and unadjusted catch curves with t h a t  of the tower counts. 

With the  lag  time determined, observed da i ly  abundance (IVY) can be constructed 
f o r  1981 as  catch ( C i )  plus lagged (L) escapement ( E Y + ~ ) .  Catchabil i ty ( q i )  i s  
then calculated a s :  

(see above Model t o  Estimate Daily Abundance). When these est imates a r e  viewed 
by week in r e l a t i on  t o  t h e i r  respective e f f o r t  level ( f i )  one can evaluate how 
well the  re la t ionship  based on h i s t o r i c  data predicted the present year (Figure 
31 ) .  The f i r s t  day of week one appears t o  be the  only out1 i e r  from the hi s t o r i -  
ca l  re la t ionships .  I t  wil l  receive c lose r  inspection before inclusion i n to  the  
h i s to r ica l  data s e t  a s  i t  would have a disproport ionately large influence on the 
shape of the curve. 

Total Run  Estimation 

In-season estimation of t o t a l  r u n  s i z e  involves use of the appropriate migratory 
time-densi t y  function (Tables 18 and 21 ) .  Estimates were documented in-season 
as 10, 25, 50, and 75% of the  r u n  was accountable. I n i t i a l l y ,  day one of the 
run was determined t o  be 30 June and a t o t a l  r u n  s i z e  was calculated each day 
the rea f te r  using the migratory time-density function (Table 21) where day one 
begins the cumulation. Total r u n  est imates were made avai lable  t o  the area 
management b io log i s t  on day 3,  7 ,  11, and 17 of the run as  an average across 
respective days (Table 30). In viewing the  e r ro r  one must remember t h a t  the 
migratory time-density function i s  based on a r u n  bu i l t  up from dai ly  catch and 



Table 28. Abundance estimates based on catch and effort data from the Togiak power curve fishery model 
in 1981. 

Daily Daily Daily Cumulative Daily Cumulative 
Date effort catch escapement escapement abundance abundance 

Cum to: 
6/26 
2 9 
3 0 

7/01 
02 
0 3 
04 
0 5 
0 6 

I 
07 

CC) 
0 

08 
I 09 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
2 2 
23 
24 
2 5 

15,846 
4 5 1,363 
165 8,245 
169 13,882 
156 12,983 
102 8,526 
Closed to fishing 
11 II 11 II I 1  

104 15,503 
221 29,924 
179 24,906 
167 24,764 
149 27,038 
17 7 30,162 
4 7 10,257 
92 21,709 
188 36,850 
18 2 36,120 
201 27,406 
172 19,576 
208 24,993 
6 2 12,133 
120 23,615 
169 21,731 
208 28,414 
232 30,014 
159 15,140 
9 6 8,251 
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Figure 29.  Comparison of cumulative (top) and daily (bottom) 
escapement of Togiak River sockeye salmon from 
tower counts and estimates using CPUE of the 
commercial fishery. An 11-day lag is assumed. 



Table 29. Confidence intervals for daily abundance and escapement estimates for the Togiak power curve 
fishery model in 1981. 

Daily 95% Confidence limits 
Date abundance Lower Upper 

Daily 95% Confidence limits 
escapement Lower Upper 



DATE 

Figure 30. Cumulative proportion curves for catch and escapement 
of the Togiak Bay sockeye salmon fishery in 1981. 
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Figure 31. Comparison by week of catchability estimated as a function 
of effort for the Togiak Bay sockeye salmon fishery (power 
curve) and that observed in relation to daily abundance 
present in 1981. Week one (A), week two (B), week three 
(C), and week four (D). 
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Table 30. Total run estimates for the Togiak River 
sockeye salmon run of 1981. 

Date Expected Average 
Day of estimate cumulative total run % 
run made proportion estimate Error 

1 
From the migratory time density function involving no 

accumulation prior to day one and using daily abundance estimated 
from CPUE of the commercial fishery updated with tower counts when 
available. 

2 
From the migratory time density function accumulated over 

tower counts and using daily abundance calculated from catch and 
tower counts only. 



escapement. Thus, i t  ends when the tower closes (as  lagged back t o  the  time 
of l a s t  departure from Togiak Bay) which i n  1981 resul ted  i n  a r u n  s i z e  of 
735,000 ending on 25 July as re la ted  t o  tower closure 11 days l a t e r  on 5 
August . 
When tower counts became avai lable  a f t e r  4 July ,  i t  was apparent with an 11- 
day lag t ha t  escapement was substant ia l  during the weekend closure p r io r  t o  
30 June. The appearance of some 21,000 sockeye salmon suggested t ha t  r u n  i n i -  
t i a t i o n  be pushed back t o  27 June, the day on which 8,000 sockeye salmon a re  
theorized t o  have escaped from Togiak Bay. Estimation of t o t a l  r u n  could then 
be made based on the migratory time-density function from the h i s t o r i c  average 
(Table 18) with day one being 4% of the  cumulative r u n .  For 1981, the  r u n  on 
day one became the accumulation of catches back t o  23 June corresponding t o  
the i n i t i a l  tower count of 4 July lagged back 11 days. Estimates of t o t a l  r u n  
could again be made f o r  the same days of the run b u t  where tower counts replace 
estimated escapement el iminating a variance component. In averaging across 
many years day one was forced t o  be 4% with the r e s u l t  t ha t  v a r i a b i l i t y  in the 
migratory time-density function increases w i t h  day or run through the eighth day 
(Figure 25, Table 18) .  Estimates made ea r l y  in the  run would incorporate a 
lower variance of proportion expected. This i s  borne out in viewing the lowest 
percent e r r o r  of the  1981 est imates a s  the est imate made on day three using 
tower counts (Table 30) followed by the  day three est imate using escapement e s t i -  
mates. 

With post-season analys is  determining the lag time t o  be 11 days, the  observed 
entry pat tern  could be reconstructed. Dai 1y and cumulative proportions revealed 
day one t o  be 27 June where exactly 4% of the run was accounted fo r .  Again, one 
sees the  troughs created by the closed periods ea r ly  in the season (Figure 32). 
When comparing the cumulative proportions of the  1981 season with the  h i s t o r i c  
average comprising the migratory time-densi t y  function (Figure 32),  i t  becomes 
evident why the t o t a l  r u n  est imates were consis tent ly  low. The 1981 run b u i l t  
very slowly through the f i r s t  9 days of the r u n  and the expected cumulative 
proportions used i n  t o t a l  r u n  estimation were consis tent ly  larger  than the ac tua l ,  
giving the appearance of a much smaller r u n  than t h a t  present. 

Tagging fo r  Riverine Travel Time 

The object ive  in tagging sockeye salmon in Togiak River was t o  observe the time 
necessary fo r  f i s h  to  t ravel  from the  r i v e r  mouth pas t  the counting towers. 
F i s h  were captured from a s k i f f  in the  lower reaches of the Togiak River w i t h  
10 fathoms of 5-3/8 in (13.2 cm) mesh g i l l  net .  Engineer's f luorescent  flagging 
tape cu t  t o  36 in (91.4 cm) lengths was inser ted  through the  an te r io r  base of 
the  dorsal f i n .  

Sockeye salmon were marked with the f l a g  tags  on two occasions. The f i r s t  group 
of 80 was tagged on 6 July and thought t o  represent  f i s h  a t  the  peak of the r u n .  
In a c tua l i t y  t h i s  was the tenth day accounting f o r  only 22% of the  t o t a l  run 
though 41% of the escapement. Given a f i n i t e  lag  est imate of 11 days, 6 July 
had an escapement of 13,000 sockeye salmon, 0.6% of which were tagged. Six July 
was a l so  a Monday on which the f i sh ing  period began a t  9 a.m. Subsequently, 20% 
of those tagged were captured by the  commercial f i shery  (Table 31). The second 
group was tagged 12-13 July ,  a 24-hour period spanning noon t o  noon, necessary 
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Table  31. Summary of tagged sockeye salmon r e c a p t u r e d  by t h e  1981 
commercial f i s h e r y  i n  Togiak Bay. 

Tag Date  Number Number o f  Days Between T o t a l  S: of 
Color  Tagged Tagged Tagging and Subsequent Number T o t a l  

Cap ture  R e l e a s e  

0 1 2 3 4 5 6 7  
Yellow 716 8 0 7 6 3 

0.5 
White 7/12-13 2 2 1 
w/ Red Dots 

T o t a l  102 1 7  1 6 . 7  



Table  32. Summary o f  t h e  1981  t a g g i n g  s t u d y  of sockeye salmon i n  Togiak River .  

Number of days  between 
Tag Date Number t a g g i n g  and subsequent  T o t a l  % of Average Examination 

c o l o r  tagged tagged s i g h t i n g  a t  t h e  tower s i g h t e d  T o t a l  t r a v e l  t ime  t ime  (%) 

I Yellow 716 
u3 

80 
ID 
I 

White 7/12-13 22 
w/ Xed Dots  

T o t a l  102  



f o r  d a y l i g h t  access i n t o  t h e  es tua ry  which was p o s s i b l e  o n l y  a t  h i gh  t i d e .  
Twenty-two f i s h  were tagged on t h i s  1 6 t h  and 1 7 t h  day of t he  r u n  where 48-52% 
o f  t he  r u n  had been accounted. Again, an 11-day l a g  i n d i c a t e d  an escapement 
o f  8,000 f i s h  p resen t  where l e s s  than  1% were tagged. Only one was subsequent ly 
recap tu red  by t h e  commercial f i s h e r y  (Table 31) though t h e  d i s t r i c t  was open t o  
cont inuous f i s h i n g .  

Only 8.8% o f  t h e  f i r s t  group tagged were s i g h t e d  by personnel a t  t h e  coun t i ng  
towers.  Given t h a t  coun t i ng  occurs on each bank f o r  o n l y  10 minutes o u t  o f  
every  hour, 52.8% o f  those tagged were accountable.  The t r a v e l  t ime  averaged 
8.7 days (Table 32) w i t h  a  range f rom 6  t o  11 days. A s i m i l a r  range was observed 
f o r  t h e  second group, be ing  5.5 t o  12.5 days w i t h  an average o f  9.5 (Table 32).  
The ranges a r e  i n  agreement w i t h  t he  t agg ing  s tudy  done i n  1966 by ADF&G (Pennoyer 
and Nelson 1967). For t h a t  year ,  t h e  range o f  t r a v e l  t imes as s i g h t e d  by t h e  
coun t i ng  towers was f rom 7 t o  18 days w i t h  an average o f  13.3 days. The t r a v e l  
t ime  o f  1981 a l s o  agrees i n  range w i t h  t h e  curve match ing a t  10% which found a  
l a g  o f  7  t o  9  days. I n  c o n t r a s t ,  t he  minimum o f  va r iance  o f  c a t c h a b i l i t y  
occur red  w i t h  a  l a g  t ime o f  11 days. 

DISCUSSION 

Met hods 

The con t inued  success o f  t h e  Togiak Bay sockeye salmon model w i l l  be judged by 
i t s  usefu lness t o  t h e  r e g u l a t o r y  body i n  f u t u r e  a p p l i c a t i o n s .  Yet, t h e  c l ose  
e s t i m a t i o n  of t h e  1981 season and t h e  good s t a t i s t i c a l  f i t  o f  t h e  developed 
reg ress ion  models suppor ts  t he  appropr ia teness o f  t he  assumptions be ing  made 
w i t h i n  t he  framework o f  a  p r e d i c t i v e  model. It was successfu l  i n  t h a t  a f t e r  
2  J u l y  cumulat ive escapement es t imated  f rom the  model remained w i t h i n  18% o f  
t h e  tower counts.  

Two p r ima ry  assumptions were i nco rpo ra ted  i n t o  t he  development o f  t he  Togiak 
f i s h e r y  model. The f i r s t  assumed a  1-day r e t e n t i o n  p e r i o d  f o r  sockeye salmon 
i n  Togiak Bay. It was subsequent ly shown t h a t  i t s  v i o l a t i o n  would be de tec ted  
i n  c a t c h a b i l i t y  becoming a  f u n c t i o n  o f  e f f o r t  (see page 15) .  I n  a d d i t i o n ,  w i t h i n  
t h e  d i scuss ion  o f  va r i ance  components o f  c a t c h a b i l i t y ,  severa l  p l a u s i b l e  behav- 
i o r  mechanisms w i t h i n  t he  commercial f i s h e r y  were presented which cou ld  a l s o  
account f o r  t h i s  r e l a t i o n s h i p  w i t h o u t  t h e  r e t e n t i o n  p e r i o d  be ing  g rea te r  than  
1  day. Both t h e  f u n c t i o n  d iscussed i n  model d e r i v a t i o n  and those d e s c r i b i n g  
behavior  o f  t h e  f i s h e r y  i n d i c a t e d  a  decrease i n  c a t c h a b i l i t y  w i t h i n  an inc rease  
i n  e f f o r t .  Not s u r p r i s i n g l y  e f f o r t  was found t o  descr ibe  a  l a r g e  p o r t i o n  o f  t h e  
va r i ance  i n  c a t c h a b i l i t y .  I t  cou ld  n o t  be determined a t  t h a t  t ime i f  t h e  r e l a -  
t i o n s h i p  was due t o  t h e  r e t e n t i o n  p e r i o d  o r  commercial f i s h e r y  behavior .  La te r ,  
w i t h i n  t h e  d iscuss ion  o f  t h e  e s t i m a t i o n  o f  t o t a l  abundance i t  was demonstrated 
how a  r e t e n t i o n  p e r i o d  g rea te r  than 1  day and noncont inuous f i s h i n g  would a f f e c t  
t h e  recons t ruc ted  e n t r y  p a t t e r n .  The t ype  o f  s i ne -so ida l  p a t t e r n  produced was 
v e r y  s i m i l a r  t o  t h a t  observed i n  Togiak. F i n a l l y ,  observa t ions  o f  t h e  ADF&G area 
management b i o l o g i s t  suggests t h a t  some p o r t i o n  o f  t he  f i s h  s t a y  i n  Togiak Bay 
longer  than 1  day. I n  summary, evidence f rom t h i s  s tudy i n d i c a t e s  a  r e t e n t i o n  
p e r i o d  g rea te r  than 1  day, though o n l y  a  program designed t o  q u a n t i f y  f i s h  move- 



ment would document t h i s  occurrence. The model t o  estimate dai ly  escapement 
has incorporated a response to  the viola t ion of t h i s  assumption by allowing 
catchabi l i ty  t o  vary with the  level of e f f o r t .  To avoid the necessi ty t o  
solve for  three unknowns (see page 15 ) ,  a  regression of ca tchab i l i ty  versus 
e f f o r t  was f i t  t o  h i s to r ica l  data. 

The assumption of a constant lag time was a l so  used throughout the study. 
Tagging was d i f f i c u l t  because of the low volume of passage and r e s t r i c t ed  
access to  the es tuary,  thus adding l i t t l e  addit ional  data fo r  determining a 
d i s t r ibu t ion  of travel  time. Though a d i s t r ibu t ion  has been shown t o  e x i s t ,  
the constant lag viewed a s  the mean of the d i s t r ibu t ion  has been su f f i c i en t  
fo r  t h i s  predictive model. The next s tep in such research would be t o  incor- 
porate a travel  time d i s t r ibu t ion  and determine i f  any improvement in predic- 
t ion r e su l t s .  Research would be needed t o  define a travel  time d i s t r ibu t ion  
from ex is t ing  data of other areas or conduct additional tracking experiments. 
I t  would a lso  be advisable t o  determine i f  a  travel  time d i s t r ibu t ion  i s  in 
any way responsible fo r  the sine-soidal entry pattern demonstrated fo r  Togiak 
sockeye salmon. 

During the development of dai ly  ca tchab i l i ty  from his tor ical  data i t  became 
evident t ha t  va r i ab i l i t y  existed within and between years.  The l i t e r a t u r e  
suggested several sources fo r  the variance of ca tchab i l i ty  observed in a com- 
mercial f i shery.  Several of the ea s i l y  quantif iable variables were evaluated 
fo r  the  Togiak Bay sockeye salmon f ishery.  Level of e f f o r t  dominated a l l  re la-  
t ionships with ca tchab i l i ty  before and a f t e r  blocking on time. Other variables 
as a t i d e  index and landings per boat were too highly corre la ted with e f f o r t  t o  
be useful. Effort  i n  landings provided the best f i t  t o  the data with the high- 
e s t  coef f ic ien t  of determination ( ~ 2 )  and boats per day as  e f f o r t  were not used 
past the  investigation.  No variable representing f i s h  s i ze  was consis tent ly  
s ign i f ican t  fo r  the Togiak data. This may be due in par t  t o  the  avai lable  uni t  
of e f f o r t  and data collection such t ha t  the re la t ion  i s  a t  best detected only 
when other variables affect ing e f f o r t  and catchabi 1 i  ty  a re  held constant a s  in 
a t e s t  f i shery.  In addi t ion,  the mean f i sh  s ize  di f fered l i t t l e  between years 
i n  the h i s to r ic  data s e t  and s e l ec t i v i t y  curves were qui te  f l a t  over a wide 
range of lengths. Another var iable ,  day of r u n ,  was i n i t i a l l y  s ign i f ican t  for  
data of a l l  years pooled and indicated a l a t e r  analysis  scheme. When the  data 
were broken i n to  weeks fo r  separate regressions,  only the fourth week retained 
a s ign i f ican t  time trend. As postulated fo r  j u s t i f i c a t i on  of blocking by week, 
t he  fourth week was thought to be influenced by the i n i t i a t i o n  of l a t e r  timed 
runs bound fo r  Togiak t r i bu t a r i e s  and the  main r iver  channel below the  count- 
ing tower. I f  day of the run continues to  be a s ign i f ican t  variable upon the 
inclusion of 1981 data the model of the fourth week may be modified t o  include 
t h i s  var iable .  

As noted in the presentation of the 1981 t o t a l  r u n  estimates and the resu l t ing  
entry pa t te rn ,  t h i s  season deviated substant ia l ly  from the his tor ical  average. 
I t  bu i l t  slowly and fo r  the second year in history there was continuous f i sh -  
ing fo r  most of the season. The importance of knowing the departure r a t e  of 
sockeye salmon with a re tent ion period greater  than 1 day which i s  exploited 
in a noncontinuous manner was demonstrated i n  model development (see above 
section on Total Run Estimation). I t  would appear in Togiak t h a t  fur ther  
refinement of the  use of migratory time-density function could only follow a 



f u l l e r  understanding of f i s h  movement and the in teract ion with the commercial 
f i shery .  The reconstructed entry  pat tern  i s  very sens i t ive  t o  the  pat tern  of 
f i sh ing  and the s tay  of f i s h  in the bay. Last ly ,  the use of a migratory time- 
density function re1 i e s  on the consistency of the ent ry  pat tern .  In Togiak 
the entry  pat tern  was postulated t o  be a function of the a r r iva l  pa t t e rn ,  de- 
par ture  pa t t e rn ,  and the f i sh ing  periods. 

Results of Model Usage in 1981 

The 1981 Togiak Bay sockeye salmon f i shery  was consis tent ly  conducted a t  l eve l s  
of e f f o r t  near the uppermost range of h i s to r ica l  data. This af fected the model 
in t h a t  when dealing with a regression equation i t  may not be val id  t o  extra-  
polate beyond the  uppermost level on which i t  i s  based. In addi t ion,  confidence 
l imi t s  about a regression l i n e  increase i n  width as one moves away from the 
mean. Thus, the variance of ca tchab i l i ty  increases as e f f o r t  increases beyond 
i t s  mean. Each week's model t o  est imate ca tchab i l i ty  was based on a mean e f f o r t  
of 112 t o  120 landings where only 18 data points provided information on behav- 
i o r  a t  greater  than 160 landings. The 1981 season saw the  level of e f f o r t  in 
t h i s  range f o r  14 days. In addi t ion,  7 July and 23 July dic ta ted  extrapolat ion 
of the models t o  new leve l s  of e f f o r t  w i t h  a r esu l t ing  low percent e r ro r  between 
escapement estimated and the tower counts supporting t h i s  choice of model. 

When f ina l i zed  catch and e f f o r t  data from f i s h  t i c k e t  processing becomes ava i l -  
able f o r  1981 i t  wi l l  be incorporated i n to  the h i s to r ica l  data s e t  and new 
weekly regression equations wi l l  be developed. Only the power curve wi l l  con- 
t inue t o  be considered where i t  was the preferred model t h i s  year. The addit ion 
of several points  a t  the extreme wil l  strengthen behavior a t  the upper l eve l s  of 
e f f o r t .  A t  the  o ther  end of the scale  i t  was noted t ha t  f o r  days where e f f o r t  
was below 100 landings the power curve model again provided est imates w i t h  the 
lowest e r ro r .  

The performance di f fered f o r  each weeks model i n  estimating escapement f o r  
Togiak Bay sockeye salmon. The f i r s t  week saw an i n i t i a l  underestimation of 
escapement though ending with a cumulative est imate with an e r ro r  of -7%. I t  
appeared t h a t  the chum salmon (Oncorhynchus keta) r u n  was ea r ly  in re la t ion  t o  
the sockeye salmon r u n .  Normally during the f i r s t  week of the  sockeye salmon 
r u n  there  a re  an average of 6.9 sockeye per chum salmon caught. Exceptions 
being in years of extremely low sockeye salmon runs as  in 1972 which averaged 
1.7 and abnormally timed runs a s  in 1978 averaging 1.8 sockeye per chum salmon. 
In 1981, the f i r s t  week of f i sh ing ,  29 June to  3 July ,  averaged 1.4 sockeye per 
chum salmon with an increasing trend through the  week beginning with 0.6 on 
Monday. This was accompanied by a trend of decreasing underestimation beginning 
on Monday. There i s  the question of gear sa tura t ion by chum salmon or  a change 
in species in teract ion from the previous years a f fec t ing  model behavior which 
had not been addressed in i t s  development. The only weekend closure fo r  which 
escapement could be estimated f e l l  on 4 and 5 July.  Here the in terpola t ion 
function behaved well ;  Friday's  est imate was off  by 30%, the resu l t ing  i n t e r -  
polated est imate was off  by only 13%. 

The second week of the r u n  was from 5 July t o  11 July.  Again using the appro- 
p r i a t e  in terpola t ion function Sunday's escapement was estimated from Modday's 
w i t h  a larger  e r r o r  than the  previous day. This i s  t o  be expected a s  the o r i -  



ginal regression had a lower R~ value than t h a t  used on Saturday (Table 17).  
During t h i s  week dai ly  escapement was consis tent ly  overestimated. Yet his- 
t o r i c a l l y  t h i s  week has been plagued with processor l imi ta t ions  resu l t ing  in 
catch l im i t s  f o r  fishermen and a t  times cessation of buying. This would a r t i -  
f i c i a l l y  decrease ca tchab i l i ty  and data would have a downward bias .  In con- 
t r a s t ,  no l imi ta t ion was observed t h i s  year which may be due in pa r t  t o  
improvements made by the processors such as  i n s t a l l a t i on  of addit ional  off -  
loading cranes,  o r  increased freezing capab i l i t i e s .  The l a rge s t  land-based 
processor was able t o  handle t h i s  y e a r ' s  catch with l i t t l e  delay while i n  1980 
r e s t r i c t i o n s  occurred w i t h  a lower catch. T h u s ,  during the 1981 season catch- 
a b i l i t y  was not a r t i f i c i a l l y  depressed and the ca tchab i l i ty  coef f i c ien t  was 
consis tent ly  underestimated with the resu l t ing  escapement being overestimated. 
Incorporation of 1981 data wil l  great ly  improve the  model f o r  1982, where i f  
the  r u n  i s  a t  or below fo r eca s t ,  processor l imi ta t ions  should not occur. 
These l imi ta t ions  a r e  thought a temporary phenomena in t h a t  r u n  s i z e  doubled 
in 1978 and remained about t ha t  level t he r ea f t e r ,  r e su l t ing  i n  a lag  i n  improv- 
ing processing capab i l i t i e s  which may have ended t h i s  year.  

During the t h i rd  week, dai ly  escapement was consis tent ly  underestimated. Large 
e f f o r t  again t es ted  the model's behavior a t  the t a i l  where ca tchab i l i ty  was 
s l i g h t l y  overestimated. Incorporation of 1981 data i n to  the h i s to r ica l  model 
may s t a b i l i z e  t h i s  range where previous y e a r ' s  data (Figure 13) have predomi- 
nantly been above the  regression l i n e .  The model did r e f l e c t  the drop i n  escape- 
ment seen by the towers during the four th  week of the r u n .  No discernible  time 
trend was indicated t h i s  year which would necess i ta te  the inclusion of day of 
the r u n  i n to  the model. Only in the l a s t  4 days was there an increasing trend 
in the posi t ive  e r ro r  of escapement est imates.  

In summary, estimation of escapement f o r  the 1981 Togiak Bay sockeye salmon r u n  
was successful i n  t h a t  i t  was used by the regulatory agency in judging f u l f i l l -  
ment of the escapement goal. The decision t o  open the Togiak D i s t r i c t  t o  con- 
tinuous f i sh ing  e f f o r t  a f t e r  10 July would have incorporated the information on 
estimated escapement not y e t  ve r i f i ed  by the  towers a s  no ae r ia l  surveys were 
flown t h i s  year.  As the model f o r  est imating ca tchab i l i ty  i s  based on regres- 
sion analys is  one would expect (assuming a normally d i s t r ibu ted  e r r o r )  f o r  a 
t rue  value of ca tchab i l i ty  t o  occur above o r  below the regression l i ne  with 
equal l ikelihood.  One would a l so  expect dai ly  escapement values t o  vary about 
the est imates such t ha t  an accumulation of the est imates should be t t e r  describe 
cumulative tower counts than dai ly  comparisons, as negative and posi t ive  e r ro r s  
cancel. The power curve model fo r  est imating catchabi l i  t y  wi 11 be used in 1982 
upon incorporation of 1981 data.  

The post-season analys is  of the 1981 data resul ted  in a lag  time of 11 days. 
The variance of ca tchab i l i ty  was minimized with t h i s  value though i t  was out 
of range of the 7 t o  9 day lag  derived frommatching catch and escapement 
curves a t  the  10% level .  This discrepancy should be viewed i n  reference t o  
the large escapement during a weekend closure encompassing day one of the r u n .  
The catch and e f f o r t  curves were not even para l l e l  t h i s  ea r ly  in the season 
reconfirming the qua l i t a t i ve  nature of curve matching in t h i s  applicat ion.  Ten 
percent of the t o t a l  escapement entered the r i ve r  on t ha t  f i r s t  weekend closure 
(27  and 28 June) t o  pass the counting tower 8-9 July.  Had continuous f i sh ing  
occurred these would not a l l  have escaped and perhaps an 11-day lag would have 



been approached. Continuous f ishing substant ia l ly  a l t e red  the f i sh ing  pa t te rn ,  
creat ing a slow buildup of catch with a weekend closure the f i r s t  2 weeks of 
f ishing.  Thus, more weight i s  given t o  the second half of the  season fo r  the 
catch curve which i s  in contras t  t o  the f a s t e r  buildup of escapement in response 
t o  the  weekend closures the f i r s t  half of the season. 

Lag time was independently derived from a tagging experiment i n  Togiak River. 
The average t ravel  time was 9 days (Table 3 2 ) ,  though the low percent sighted 
by the towers diminishes the precision of the r e s u l t s .  Again a t ravel  time 
d i s t r ibu t ion  was observed with a range of 5 .5  t o  12.5 days. Before d i r ec t  
application of these r e su l t s  i t  would be necessary t o  know how t h i s  sample rep- 
resents the t r ue  population. A large proportion of those tagged in the  f i r s t  
group were subsequently recaptured by the f ishery (Table 31) and i t  could be 
due t o  d i f fe ren t ia l  s t r e s s  by s ize  because of capture by a gi 11 net .  There may 
be a greater  probabi l i ty  of g i l l  damage t o  a small f i s h  than say a large male 
snagged only by i t s  jaw. I t  i s  most l i ke ly ,  t h i s  sample mean travel  time rep- 
resents a f a s t e r  f i s h  than the population average. 

Additional Application of Togiak Modeling Techniques 

The usefulness of the  Togiak f ishery model i n  estimating dai ly  escapement of 
sockeye salmon into  the Togiak River can be a t t r ibu ted  to three key components 
of the system. The most important has been the s t a b i l i t y  of the f i sh ing  f l e e t  
which has fac i  1 i  ta ted the prediction of future  catchabi l i  t y  based on h i s to r ica l  
data. The composition of the  commercial f l e e t  has not appeared t o  change dra- 
matically these l a s t  few years. Any trend has been gradual and may be the  
r e su l t  of replacement of old gear and machinery. I f  a  trend ex i s t s  w i t h  an 
accompanying trend in eff ic iency i t  would suggest t ha t  the inclusion of each 
y e a r ' s  data should be accompanied by an evaluation of the continued unweighted 
inclusion of the  oldest  year of the  data s e t .  This could be accomplished with- 
in the regression analysis  f o r  ca tchab i l i ty  and e f f o r t  i n  t ha t  equations with 
and without the o ldes t  data a r e  compared along with an appropriate weighting 
scheme. 

Another key component in the  Togiak system i s  the length of the  normal f i sh ing  
period being 9 a.m. Monday through 9 a.m. Friday. I n i t i a l l y  t h i s  has minimized 
the need to  in terpola te  fo r  closed periods. In addit ion,  the success given the  
use of a constant mean lag time may be due in par t  t o  the extended f i sh ing  per- 
iods. Here each travel  time d i s t r ibu t ion  was represented by i t s  mean where 
f a s t e r  f i s h  became incorporated in to  the previous day 's  tower count and slower 
f i s h  i n to  the following day. The slower f i s h  of day i are  cancelled by the  
f a s t e r  f i sh  of day i-1 and where the two a r e  not equal ,  variance in catchabil-  
i t y  may r e su l t .  With extended f i sh ing  periods, more days a re  incorporated in to  
the CPUE model allowing for  cancellat ion of a greater  range of swimming speeds. 
Basically,  the extended f i sh ing  petiod may have compensated fo r  the  use of a 
constant lag time as sampling by the  f ishery i s  occurring nearly every day. 

The l a s t  component involves the da i ly  enumeration of a large proportion of the 
stock a f t e r  a r e l a t i ve ly  unobstructed upriver migration. I t  seems logical  t ha t  
the  shor ter  the distance to  enumeration the l e s s  time available fo r  a spread 
between migrating f i s h  t o  develop and the more appropriate a constant lag.  The 
lag time for  Togiak River was large f o r  Bristol Bay, averaging 11 days. Yet no 



lagoon or holding area existed which could substant ia l ly  change the pattern of 
migration and dampen the effectiveness of a reconstructed entry pattern neces- 
sary in defining catchabi l i ty .  Finally,  there was no evidence of the upriver 
migration behavior being affected by the magnitude of the r u n  in tha t  the lag 
time within the model appeared unrelated to  t o t a l  escapement. In con t ras t ,  
the smallest in terval  of time for  which escapement counts are  available may 
become a l imiting fac tor  given t ha t  a su f f i c i en t  proportion i s  enumerated. If 
h i s to r ica l ly  the smallest  in terval  fo r  an escapement estimate was a week, then 
in using these techniques escapement could only be estimated in-season by week. 
Systems with only f i na l  enumeration must then re ly  on d i f fe ren t  assumptions f o r  
any f i ne r  estimate than a t o t a l .  A dai ly  catchabi 1 i  t y  function cannot be 
developed without a dai ly  entry  pat tern .  A constant ca tchab i l i ty  would need 
to  be assumed o r  t o t a l  escapement apportioned i n  some manner over the  season. 
Yet r e s u l t s  of t h i s  study strongly indicate  the need for  a ca tchab i l i ty  function 
which in t h i s  case involved the  level of e f f o r t .  

The continued use of the Togiak f ishery model will be contingent on the yearly 
update of the data s e t  upon which the ca tchab i l i ty  function i s  based. Incor- 
poration of each y e a r ' s  data becomes paramount. Users must be sens i t ive  t o  a 
s ign i f ican t  pattern of deviation of the  recent yea r ' s  data which could indicate 
a breakdown of the model in a rapidly changing system. In addi t ion,  a gradual 
trend in eff ic iency could d ic ta te  the exclusion of the o ldes t  data as  catchabil-  
i t y  i s  a dynamic concept. The predictive nature of the model allows the incor- 
poration of new re la t ionsh ips ,  or data as  available or applicable.  I t  could be 
modified to  incorporate a t ravel  time d i s t r ibu t ion  which would involve develop- 
ment of a d i f f e r en t  h i s to r ic  dai ly  abundance schedule as escapement would not 
be apportioned a s  the dai ly  tower counts. Additional variables should be 
tes ted continuously and incorporated i f  a  functional re la t ionship  i s  demonstrated 
through research or  i f  they become a s ign i f ican t  factor  i n  the  regression anal- 
y s i s  f o r  catchabi l i ty .  Differently shaped models may also suggest themselves 
as addit ional  data becomes avai lable ,  r esu l t ing  i n  a  be t te r  f i t .  

The methodology involved in the Togiak Bay sockeye salmon model may be applied 
t o  other areas or species. Direct application would be assumed in a system 
w i t h  the key components of a s tab le  f ishing f l e e t ,  extended f ishing periods, 
and dai ly  escapement counts which re ta in  the marine departure pat tern .  The 
salmonid species i t s e l f  would not be c r i t i c a l  i f  the before-mentioned components 
were present and additional a t tent ion was paid towards i t s  pa r t i cu la r  in te r -  
action with the gear present. In example t h i s  study did not deal with a purse 
seine f ishery or  a mixed f ishery with g i l l  nets .  Again a d i f fe ren t  species or  
stock could have a d i f fe ren t ly  shaped s e l ec t i v i t y  curve indicating some e f f e c t  
on ca tchab i l i ty .  

Lastly,  in a system where the  methodology could be d i rec t ly  applied but where 
escapement estimates a re  already provided by a t e s t  f i shery ,  another approach 
could be taken. Here in-season simulation could be done in t h a t  ca tchab i l i ty  
i s  derived from his tor ical  data as in  t h i s  study. In-season, instead of e s t i -  
mating escapement one could simulate the time necessary f o r  varying harvest 
levels  given knowledge of e f f o r t  present,  incoming r u n  s trength and a h i s to r ic  
catchabil i t y  function. This would allow managers t o  t e s t  what e f f ec t  d i f fe ren t  
length openings would have on the system with the goal being attainment of a 
predetermined escapement. 



SUMMARY 

1)  Catch per unit  e f f o r t  from the commercial sockeye salmon f ishery in 
Togiak Bay, Alaska had not previously been re la ted to  standinq stock 
in  a rigorous manner. I t  was proposed for  the  Togiak system t h a t  the 
temporal regular i ty  of f ishing periods,  the apparent r e l a t i v e  s t a b i l i t y  
of e f f o r t ,  and the large percentage of the escapement enumerated on a 
dai ly  basis should accommodate the  use of CPUE in estimating dai ly  
abundance and t o t a l  returning stock while the f ishery i s  in progress. 

2 )  Togiak River sockeye salmon were found t o  take an average of 11 days t o  
pass counting towers a f t e r  leaving Togiak Bay. This created a gap fo r  
current  cumulative escapement estimates which had previously been f i l l e d  
by ae r ia l  survey estimates of f i s h  i n  the  r i ve r  below the counting towers. 
I t  was proposed t ha t  dai ly  escapement could be estimated as  the difference 
between daily abundance and catch. Daily abundance was derived as  a 
function of da i ly  CPUE and a ca tchab i l i ty  coef f ic ien t .  

3) The ca tchab i l i ty  coef f ic ien t  was derived from h is to r ica l  data and was 
found to  vary within and between years. Several variables which were 
suggested by the l i t e r a t u r e  could cause such variance. I t  was hypothe- 
sized t ha t  substant ia l  var ia t ion could be explained by these variables.  
Catchabil i ty could then be derived in-season and used w i t h  CPUE t o  e s t i -  
mate dai ly  abundance. Daily level of e f f o r t  was the only variable con- 
s i s t e n t l y  s ign i f ican t  and explained on average 79% of the var ia t ion.  

Total returning stock was estimated as the r a t i o  of cumulative return t o  
date over the  expected proportion returned to  date. The expected propor- 
t ion was provided by a migratory time-density function derived a s  a his- 
t o r i c  average across years by day of r u n  f o r  the cumulative proportion 
curves of Togiak Bay sockeye salmon catch plus escapement. I t  was pos- 
tu la ted t ha t  a given y e a r ' s  reconstructed entry  pattern was affected by 
the a r r iva l  of sockeye salmon into  the area ,  re tent ion of f i s h  in the bay, 
and the  timing of the f ishing periods. 

5 )  The above r e su l t s  were incorporated in to  a management model fo r  Togiak 
River sockeye salmon which provided a schedule of dai ly  escapements and 
t o t a l  r u n  s i z e  estimates during the season. The model was tes ted during 
the 1981 season. 

6 )  The management model was successful as the model ' s  cumulative escapement 
estimates di f fered from the tower counts by l e s s  than 18% ( r e l a t i v e  e r ro r )  
a f t e r  1 July 1981. 

7 )  Total run s i z e  was consis tent ly  underestimated during the 1981 season 
with an e r ror  of up to 30%. 
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APPENDIX A 

Cumulative proport ion curves f o r  catch and escapement of the  Togiak Bay 
sockeye salmon f i s h e r y  1967-1980. Included a r e  those not  presented in  the  
sec t ion  on Proposed Model t o  Estimate Daily Abundance. 
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Figure A-l. Cumulative proportion curves for catch and escapement 
of the Togiak Bay sockeye salmon fishery: top - 1968; 
bottom - 1967. 
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Figure A-2. Cumulative proportion curves for catch and escapement 
of the Togiak Bay sockeye salmon fishery: top - 1971; 
bottom - 1969. 
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Figure A-3. Cumulative proportion curves for catch and escapement 
of the Togiak Bay sockeye salmon fishery: top - 1977; 
bottom - 1974. 
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Figure A-4. Cumulative proportion curves for catch and escapement 
of the Togiak Bay sockeye salmon fishery, 1978. 
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APPENDIX B 

S e l e c t i v i t y  and e x p l o i t a t i o n  by l e n g t h  curves f o r  Togiak Bay sockeye salmon 
1972-1974. Inc luded are those no t  presented i n  t he  sec t i on  on Proposed Model 
t o  Est imate D a i l y  Abundance. 
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Figure B-1. Selectivity curves for Togiak Bay sockeye salmon, 
1972-1974. Fish length is measured from mid-eye 
to fork of tail. 
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F i g u r e  B-2. E x p l o i t a t i o n  by l e n g t h  c u r v e s  f o r  Togiak Bay sockeye 
salmon, 1972-1974. F i s h  l e n g t h  i s  measured from 
mid-eye t o  f o r k  of t a i l .  



APPENDIX C 

Cumulative and d a i l y  proport ion curves f o r  t h e  Togiak Bay sockeye salmon run 
1967-1980. Included a r e  those not  presented in  t h e  sec t ion  on Total Run Es t i -  
mation. 
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Figure C-1.  Cumulative (top) and daily (bottom) proportion 
curves for the Togiak Bay sockeye salmon run of 
1967, (...) represents periods closed to fishing. 
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Figure C-2. Cumulative (top) and daily (bottom) proportion 
curves for the Togiak Bay sockeye salmon run of 
1968, (...) represents periods closed to fishing. 
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F i g u r e  (2-3. Cumulative ( t o p )  and d a i l y  (bottom) p r o p o r t i o n  
c u r v e s  f o r  t h e  Togiak Bay sockeye salmon r u n  of 
1969, (...) r e p r e s e n t s  p e r i o d s  c l o s e d  t o  f i s h i n g .  
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F i g u r e  C-4. Cumulative ( t o p )  and d a i l y  (bottom) p r o p o r t i o n  
curves  f o r  t h e  Togiak Bay sockeye salmon r u n  of 
1971,  (...) r e p r e s e n t s  p e r i o d s  c l o s e d  t o  f i s h i n g .  
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Figure C-5. Cumulative (top) and daily (bottom) proportion 
curves for the Togiak Bay sockeye salmon run of 
1973, (...) represents periods closed to fishing. 



CODED DOTE I JUNE 23 = 1 1 

C O E D  DFlTE I JUNE 23 = 1 ! 

F i g u r e  C-6. Cumulative ( t o p )  and d a i l y  (bottom) p r o p o r t i o n  
c u r v e s  f o r  t h e  Togiak Bay sockeye salmon r u n  of 
1 9 7 4 ,  (...) r e p r e s e n t s  p e r i o d s  c l o s e d  t o  f i s h i n g .  
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F i g u r e  C-7-  Cumulative ( t o p )  and d a i l y  (bottom) p r o p o r t i o n  
c u r v e s  f o r  t h e  Togiak Bay sockeye salmon run of 
1975, (...) r e p r e s e n t s  p e r i o d s  c l o s e d  t o  f i s h i n g .  
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Figure C-8. Cumulative (top) and daily (bottom) proportion 
curves for the Togiak Bay sockeye salmon run of 
1976, (...) represents periods closed to fishing. 
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Figure C-9. Cumulative (top) and daily (bottom) proportion 
curves for the Togiak Bay sockeye salmon run of 
1977, (...) represents periods closed to fishing. 
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The Alaska Department of Fish and Game administers all programs and activities free from discrimination 
based on race, color, national origin, age, sex, religion, marital status, pregnancy, parenthood, or disability. 
The department administers all programs and activities in compliance with Title VI of the Civil Rights Act 
of 1964, Section 504 of the Rehabilitation Act of 1973, Title II of the Americans with Disabilities Act of 
1990, the Age Discrimination Act of 1975, and Title IX of the Education Amendments of 1972. 
  
If you believe you have been discriminated against in any program, activity, or facility, or if you desire 
further information please write to ADF&G, P.O. Box 25526, Juneau, AK 99802-5526; U.S. Fish and 
Wildlife Service, 4040 N. Fairfax Drive, Suite 300 Webb, Arlington, VA 22203 or O.E.O., U.S. 
Department of the Interior, Washington DC 20240. 
 
For information on alternative formats for this and other department publications, please contact the 
department ADA Coordinator at (voice) 907-465-6077, (TDD) 907-465-3646, or (FAX) 907-465-6078. 
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